NASA CONTRACTOR
REPORT

NASA (R-2795

NRER A

L.OA K b \ :
i\l { ‘). - Hf-lFJRN 10
. '-W " E [ "---'!‘\l ER A 1 l I‘ el J R "".. 7
A F. l et b aub PR Y !r

KIRTLAND AFE, N, M

DESAP 1 - A STRUCTURAL DESIGN PROGRAM
WITH STRESS AND DISPLACEMENT CONSTRAINTS

Volume II: Sample Problems

J Kiusalaas and G. B. Reddy

Prepaved by
THE PENNSYLVANIA STATE UNIVERSITY

University Park, Pa. 16802
for George C. Marshall Space Flight Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON, D. C. - FEBRUARY 1977

WN ‘G4vN AuvuEr HO3L



TECH LIBRARY KAFB, NM

LD T

_ o ) 00L135k
1. REPORT NO. 7. GOVERNMENT ACCESSION NO. 3. RECIPIENT’S CATALOG NO.
NASA CR-2795
a TITLE AND SUBTITLE B ' 5. REPORT DATE
DESAP 1 - A Structural Design Program with Stress and Dis- February 1977 _
placement Constraints. Vol. II: Sample Problems 6. PERFORMING ORGANIZATION CODE
7. AUTHOR(S) ] 8. PERFORMING ORGANIZATION REPORT #
_J. Kiusalaas and G. B. Reddy M-203
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT NO.

Department of Engineering Science and Mechanics
The Pennsylvania State University
University Park, Pennsylvania 16802

11. CONTRACT OR GRANT NO.
NCA-8-71/172
13. TYPE OF REPORY & PERIOD COVERED

 SPONSORING AGENCY NAME AND ADDRESS

Contractor Report
National Aeronautics and Space Administration
Washington, D. C. 20546 14. SPONSORING AGENCY CODE

15.

SUPPLEMENTARY NOTES

This work was done under the sponsorship of the Structures and Propulsion Laboratory
of the Marshall Space Flight Center, Alabama.

16. ABSTRACT

DESAP 1 is a finite element program for computer-automated, minimum weight design
of elastic structures with constraints on stresses (including local instability criteria) and dis-
placements. Volume 1 of the report contains the theoretical and user's manual of the program.
Sample problems and the listing of the program are included in Volumes 2 and 3, respectively.

The static analysis portion of DESAP 1 is based on the SOLID SAP finite element pro-
gram developed at the University of California, Berkeley. In design, the stress ratio method
is employed for the stress constraints, whereas the displacement constraints are handled by
solving the appropriate optimality criterion.

The element subroutines have been organized so as to facilitate additions and changes
by the user. As a result, a relatively minor programming effort would be required to make
DESAP 1 into a special-purpose program to handle the user's specific design requirements
and failure criteria.

DESAP 1 is a companion program of DESAP 2, "A Structural Design Program with
Stress and Buckling Constraints.' With the exception of a few cards, the same data deck can

be used for both programs.

This is Volume 2 of three volumes.

17.

KEY WORDS 18. DISTRIBUTION STATEMENT

STAR Category 39

19,

SECURITY CLASSIF, (of this report) 20. SECURITY CLASSIF, (of this page) 21. NO. OF PAGES | 22. PRICE

Unclgssﬁwd Unclassified io04 $5.50

* For sale by the National Technical Information Service, Springfield, Virginia 22161






TABLE OF CONTENTS

VOLUME 2

PREAMBLE

BAR ELEMENTS

L.1. Ten-Bar Cantilever Truss

BEAM ELEMENTS

M.1. Plane Rectangular Frame

PLANE STRESS ELEMENTS

N.1l. Rectangular Plate with Reinforced Hole
SHEAR PANEL ELEMENTS

0.1. Shear Lag Problem

PLATE ELEMENTS

P.1. Square Plate with Clamped Edges - Problem 1.

P.2. Square Plate with Clamped Edges - Problem 2.

iii



K.1
K. PREAMBLE

This collection of sample problems is.a supplement to Volume 1
of DESAP 1: 'Theoretical and User's Manual'. In making up this
volume, our aim was to find examples that would best serve the
following functions:

1) Illustrate and supplement the input instructions of Volume 1,
and to familiarize the user with the output.

2) Explain, with examples, special problem areas and peculiar-
ities that may arise in the use of the program.

3) Provide example problems that may be used for debugging the
program during installation on a new computer system.

4) Compare the results of DESAP 1 against solutions obtained by
other means, whenever possible.

Although DESAP 1 is designed primarily for the use of large
structures, the stated purpose of the sample problems is clearly best
fulfilled by small, simple examples that do not necessarily represent
realistic design situations. Consequently, the problems appearing
in this volume should be viewed strictly as tools of instruction,
which in no way reflect the ultimate capabilities of the program.

Because our experience with the program is rather limited at
this time, the example problems may well have overlooked some trouble-
some aspects of design, or even deficiencies in the program itself.
The extensive computer output from each design cycle is, however, a
powerful diagnostic tool that should enable the user to pinpoint the

difficulty and make the appropriate correction.



K.2

An example problem is given for each element type presently used
in the program. Each problem contains a complete description of the
input data, including an echo of the input cards, and the computer
printout of the input information. In order to reduce_the bulk of
the report, only a partial listing of the computer output is duplicated,
containing the initial and the final designs. The complete history of
a design is usually summarized by tabulating the design variables.

In compiling the sample problems, we were seriously handicapped
by a lack of adequately documented optimal design problems in existing
literature. For this reason, a one-to-one comparison of the results
of DESAP 1 with independently obtained solutions is lacking in many of
the problems.

As a final note, we would like to remind the user again that
DESAP 1 is oriented towards large problems. Mainly due to an extensive
use of auxiliary storage devices and other core-saving features, the
program is not efficient for small structures as used for the sample
problems. Consequently, the computer times for these problems are
not expected to be competitive with runs obtained from programs

especially designed for structures of limited size.
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L. BAR ELEMENTS

L.1 Ten-Bar Cantilever Truss
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Figure L.1.1

Layout of Cantilever Truss

The truss shown in Fig. L.1.1 is subjected to a single load con-
dition also defined in the figure. All the members are to be sized
independently. The data employed in the design is:

107 psi (Young's modulus).

E =
o; = 0: = 25,000 psi (allowable stress).
o =0.1 lb/in3 (specific weight).
A* = 0.1 in2 for all members (min. allowable cross-sectional area).
A= 20 in2 for all members (initial cross-sectional area).

u; = + 2 in. for nodes 2, 3, 4 and 5 (max allowable displacements

in + y-directions).




L.1.2

Local buckling éf members is not considered as a design criterion.

It is known from previous treatment of the problem [9,10] that
the design converges slowly---24 design iterations were reported in [9].
The slowness is caused by the presence of passive members (governed
by the minimum size constraints) in the final design, combined with
unrealistically small minimum allowable sizes.

In view of this prior knowledge, it was decided to over-relax
the displacement-constrained design, thereby reducing the number of
design cycles. The design was carried out in two stages. In the first
stage o = 0 was used for one cycle (NCYCL = 1), and a restart deck was,
requested (KPUNCH = 1). The restart deck was then employed to start
the second stage with @ = 0.25; the minimum weight design was obtained
after five additional redesigns. The history of the design process
has been summarized im Fig, L.1.2 and Table L.1.,1.

‘Special netes on input-output:

1) Uniform scaling is an exact operation for this particular problem,
since all the element stiffness matrices have the form [KL] = [ki]Ai'
Consequently, KSCALE = 1 was used in Design Control Data.

2) In the absence of local buckling in the stress-constrained design,
the distinction between Construction Codes Nos. 1 and 2 vanishes.

We chose quite arbitrarily KODE = 1.

3) Local buckling of members was eliminated as a design consideration

by leaving the moments of inertia blank on the Geometric Property

6

Cards. The blanks were replaced by the computer with I; = I- =10,

zZ

which in turn results in very high buckling strength.
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5)
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L.1.3

A negative displacement ratio (see Evaluation of Design No. 0)
indicates that the ratio is determined by a displacement constraint
in the negative coordinate direction. |

Load Condition = 0 (see Evaluation of Design No. 5) denotes that

the stress ratio is determined by a minimum size constraint.

The design procedure was terminated when a weight increase was de-
tected between Design Nos. 5 and 6 (see Evaluation of Design No. 6).
This increase is due to the appearance of an active stress constraint
which tends to push fhe design past the minimum weight point towards

the fully stressed design.

Critical, Scaled Designs (sq. in.)
3+
é Stage 1 (u=0) Stage 2 (0=0.25)
et
m 0 1 1 2 3 4 5 6
1 20.0 54.65 27.69 27.29 24.80 23.86 23.79 27.81
2 20.0 5.91 16.88 11.80 15.23 14.41 14.96 18.15
3 20.0 3.21 5.09 2.82 1.82 0.63 0.32 0.16
4 20.0 3.21 5.09 2.82 1.82 0.73 0.10 0.12
5 20.0 52.60 27.15 30.68 29.85 31.11 30.58 37.41
6 20.0 2.57 0.55 0.13 0.10 0.10 0.10 0.12
7 120.0 17.26 15.70 19.76 19.63 21.44 20.83 26.05
8 20.0 18.48 14.73 13.31 0.88 8.14 8.46 7.92
9 20.0 6.42 6.16 4.09 2.56 1.03 0.12 0.12
10 20.0 11.83 18.87 18.23 20.46 20.91 20.88 25.84

Table L.1.1

Design History of Cross-Sectional Areas.



Structural Weight (kins)

L.1.4

—@— DESAP 1

—O=— Reference [9]

Number of Critical Designs
Figure L.1.2

Cantilever Truss Design History of Structural Weight.
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STPFSS £ DISP. CONSTRAINTS — 10 PAP CANTILEVER — VENKAYYA,S EX.4yCASE. 2

NUMBFR OF NODAL POINTS = 6

NUMREP OF ELEMENT TYPFS = 1

NUMBFP NF LOAD CASFS = 1

MUMAER NF DFS. VARTABLFS = 10

NDESTCGN CONTROL DATA

NCYCL = 1

KSCALE= 1

DELTA = 0,1000E-01

EPSIL = 0.1000%-01

KNISP = 1

OMEGA = 0.800Nn0

ALPA = 2.00000

DFSIGN VAPTABLE INPUT DATS

DESIGN

VARTABLE IMTITIAL MIM ALLNWAALF

NUMRFR VALUE VALUE
1 0.2000% 07 0.10C0E 00
2 0.20008 Q2 Q. 1000E 00
2 0.2000¢ 02 0.10098 09
4 0.2000F (2 0.1000% 00
5 0.2000% 02 €.1000% 00
6 0.2000F Q2 0. 10C00F 00

-7 0,2000F 02 f.1000% 00

8 0,2n00% 02 0.10100F 00
9 0.2000F 02 0.10G0E 00
10 0.20008 02 €.1009% Q0

NODAL POINT IMPUT DATA

NODF ROMINDARY UONDITION CODES S NCLAL PCIAT COCRCINATES———----- /
NUMBEP X Y z XX Yy 22 X Y 4 T
1 1 1 -1 -1 -1 -1 g.cco 0.000 0.000 Q, 0.000
? 0 0 0 (] 0 0 36C.000 0.000 0.000 0 0.000
2 0 0 Q 0 0 Q 720.C000 g.0C0 0.000 0 0.000
4 Q 0 0 Q o] 4] 720.000 360.000 a.000 0 0.000
5 0 0 a 4} 0 ¢ 360.000 360.000 0.000 0 0.000
& 1 1 1 1 1 1 0.000 360.000 0,000 [} 0.000
GEMFRATED NODAL DATA
NODE BOINDARPY CONDITION CODES f=mm———— NFEAL PCINT COCRCINATFSem—mmmm /
NUMRER X Y 7 XX Yy [ %A X Y 14 T
1 1 1 -1 -1 -1 -1 G.C00 0.0n0 0.000 0.000
2 o 0 -1 -1 -1 -1 260,300 2.000 0.000 0.C00
3 0 0 -1 -1 -1 -1 727.000 0.1700 0 .000 0.0n0
4 o 0 -1 -1 ~1 -1 179.900 2p0.000 0.000 0.000
5 0 b} -1 -1 -1 =1 r60.000 360,000 0.000 0,000

Computer Printout for the First Stage of Design (a = 0)
(Input data and the initial design only are reproduced.)

9°1°1



a.000 0,000

360.000

6.000

FOQUAT JON NUMBRERS

NOODDODOD B
-~
r»oooO0CO0O
>
*xoooooOCo
»
~OoODOGOO
>ONT OO0
MO~

Z kML PO

L.1.7




COMPRESS ION

0.2500€ 05

NUMREP OF TRUSS ELFMENTS = 10
CAMSTRUCTION CoO0E = 1
NUMBFP DF MATERIALS = 1
NUMBEP NF TEMPS FNR WHICH MATL PRCPS GIVEN= 1
NUMRER NF NIFFERENT GENWMETRIES PRMPT GIVEN= 1
MATERTAL PROPFPTY CARDS
MATERQ JAL NUMBER SPECIFIC YCUNGS COEFFT OF /-~ALLOWABLE STRESSES~~/
NUMB ER QF TEMPS WFIGHT TEMP FEDULUS THEPM EXPAN TEMNS ION

1 1 0.1000F ¢Q 0,0000F CG 0.1000F 08 0Q.0000F 00 0.2500€ 05
GEOMFTRIC PROPFRTY CARDS
GFOMETRY X~-SECT /~—MOMFNTS OF INERTJA--/
MUMBER AP EA Yy 17

1 0.10000 01 @O.1000F 07 0.1000F 07
ELEMENT LNAD MULTIPLIFRS

A 8 c D

X-D1R 0.000000n0 00 0.0C0000D Q0 0.090000N 00 0.000000D0 00
¥-DIR 0.0000009 00 0.0000000 00 0.0C00000 00 0.000000D 00
Z-N1IR 0.000000D €O 0.0000000 QO 0.0000000 00 0.0000000 00
TEMP 0.0000000 OC 0.0C0000 00 0.£CCQ000 00 0.0000000 00

PRNCESSED FLEMFNT DATA

ELEMFNT  /-NANE NOS-/ /--ELRMENT [0 NOS-/ CESIGN VAR RFFFRENCF END FIXITY COEFFICIENTS BAND
NUMBER 1 J MATL GECMY D VAR FRACTION TEMP Yy 44 WIDTH
1 1 2 1 1 1 0.1000¢ 01 0.0000C 00 0.10000 Ol G.10000 01 2
2 2 3 1 1 2 0.1000F 01 0.00000 00 0.30000 01} 0.10009 01 4
3 3 4 1 1 3 0.t000% 01 0.00000 00 0.10000 01 0.10000 01 4
4 4 5 1 1 4 0.1000F 01 0.0000D 00 0.10000 01 0.10000 01 4
5 5 ] 1 1 5 0.1000F n} 0.00000 00 0.10000 01 0.1000D0 01 2
6 2 s 1 1 6 0.1000F 01 0.00000 00 0.10000 01 0.1000D 01 8
7 1 5 1 1 7 0.1000E 01 0.00000 00 0.10000 01 0.10000 01 2
8 2 6 1 1 8 0.1000% 01 0.00000 00 0.10000 01 0.1000D0 01 2
9 2 4 1 1 9 0.1000% 01 0.00000 00 0.1000D 01 0.10000 01 6
10 3 5 1 1 n 0. 1000E 01 0.0000D0 00 0.10000 01 0.10000 01 [}
STRUCTYRE STRUCTURE LOAD MULTIPLIERS
LOAD CASE - [} f [ 0
1 0.000 0.000 0.000 0.000
NODAL OISPLACEMENT/ROTATICN CCNSTRAINTS
NODE 1 NAD /e mm e e Rl et L] MAX . ALLOWAPLF DISPLACEMENTS AND ROTATINMNS~~w—mmermme—m—aa bl Dt ittt ——=/
ND. CASFE ox 124 ni X RY r2 -Cx -pY -nz ~RX -RY -RZ
2 1 2.00000 2.000N00 0.00000 0.€%000 Q.0nonQ 0.N0000 -2.00000 -2,00000 0.00000 0.00000 0.00000 0.00000
3 1 2.00000 2.000nQ 4.02nnQ q.0nan0 0.00200 0.00000 -2.00000 -2.00000 0.00000 0.00000 0.00000 0.00000

8°T 1



L i 2.00000
5 1 2.00n00

NODAL PCINT LOACS

NOOF LOAD

NCr, CASF /X
2 1 0.000NE 00
3 1 0,000F 00

2.00000
2.00000

-Q0.100°
~0.100%

TOTAL NUMARER OF FQUATIONS

BANOWIDTH

MIMRER OF EQUATIONS IM A BLOCK

NUMBER IF BLOCKS

0.00000 a. 00000
0.00000 0.0n000

APPLIED LCANS
RY

06
06

-nmm

Q7
0.0C0E 00
0.000E 00

0.00000 0.00000 -2.00000 -2.00000
0.00000 0.0000C -2.00000 -2.00000

MX MYy Mz
0.000F QO 0.000€ 00 G.000€ 00
0.000E 00 0.000€ 00 0.000F 00

0.00000
0.00000

0. 00000
0.00000

0.00000
0.00000

0.00000
0.00000

6°1°1



A oo bk b b ek ki Aok ok sk ok ek o okok
ANALYSIS NF DESIGN NUMRER 0

O T SN SO Jrarareprararary

NODAL DISPLACFMENTS AND ROTATIONS

NCDE t 0AD X v
6 1 0.0005-01 0.000E-01
5 1 3.517F-01 -8.372F-01
4 1 4.239F-01 -1.898E 00
3 1 -4.761F-01 -1.970% 00
2 1 -3.683F-01 -9.011F-01

1 1 0,.000F-01 0.000E-01

VALUES OF NDESIGN VARIABLES

1 2

® 0.?000E 02 0.2000% 02 0.2000F 02 0.2000€ 02 0.2000FE 02 0.?000E 02 0.2000F 02 0.2000¢ 02 0.2000E 02 0.2000F 02

ANALYSIS OF TRUSS FLFMEMTS, CENSTP
ELEMENT X—-SECT AREA LCAD COND

0.?2000F 02
0.2000F 02
0,2000F (2
0.7000F 02
0.2000F 02
0.2000F ¢2
0,2000F 02
0.7000E 02
0.72000€F 02
0,2000F €2

20D NPV D W=
.-t bt s ot Pt P

-

B R g e T T T T

EVALUATINM OF DFSIGN mymace [}
Al ko ek £l ok b A kb b b

STRESS PATIO LOAN £0OND
MAX 0.4093F 00 1
MIN 0.7098F-01 1

MAX DISP PATIOS LOAD TOND

-N.9849F N0 1
-0.9488F NO 1

1
0.000€-01
0.000€-01
0.000E-01

. 0.0005-01
0.000€-01

0.000E-01

3

K CCDE= 1
AXIAL FGRCE

-0.2046F 06
-0.59P8E CS
0.4012F Q5
0.4012E 05
0.1954F 06
0.35649F QS
-0.1349F 06
0.1480€ 06
-0.5674E 0%
0.8468F QS

DES vanrlsp
1
L]

EQN ALFMRER

4
6

XX
0.0000E-01
0.0000F-01
N.0000E-01

0.0000E~-01

0.0000F~0Q1

0.0000E-01

4

LF

vy
0.0000£-01
0.0000€-01
0.0000€-01
0.0000F-01
0.0000F-01

0.0000F-01

5

2z
0.0000E-01
0.0000£-01
0.0000E-01
0.0000E-01
0.0000€-01

0.0000E-01

6

7

8

9

10

0T'1°1



UNIFORM SCALING OPERATION FOLLOWS
SCALE FACTOR IS 0.985AND DFTFRMINED BY DISFLACENENT CCNSTRAINTS
DESIGM VARIABLFS 01Ff SCALED {(CRITICAL) DESIGM 2PF

VALUES OF DFSIGN VARTABLES
1 ? 3 4 S [ 1 8 9 10

0 O0.1970F 02 0.1970E 02 0.,197IE 02 N.1970E 02 0.1970E 02 0.1970E 02 0.1970€ 02 0.1970F 02 0.1970E 02 0.1970E 02
STRUCTURAL WEIGHT= 0.B82F6E 04
REDESIGN NPERATINN FOLLOWS

OPTIMALITY INDEX OF DESIGN VARTABLES FOR DISPT. CONSTRAINTS

Ny NO ACT/PAS INDEX

1 ACT -0.15342E 01
2 ACT -0.1€600¢ 00
3 ACT -0.90133E-01
4 ACT -0.90135€-01
5 ACT -0.14767€ 01
6 PASS 0.82555€-02
7 ACT -0.4E441F QC
8 ACT -0.518178¢ 0¢C
9 ACY ~0.18027€ 0O¢C
10 ACT -0.32199¢ 0¢

NO. OF ACTIVE DISPLACFMENT CONSTRAINTS ARE

1

IT°1°1



1233233433333 32212322222 ¢2 )
ANALYSTS OF DESIGN NUMBER S

Ao e s ok b e el ok oA o ok o ke e ke ok o Kok

NODAL DISPLACEMENTS AND ROTATICNS

NODE LOAD 3 Y
6 1 0.000F-01 0.000E-01
5 1 2.379F-01 -7.369E-01
4 |3 2.344F-01 ~2.004E 00
3 1 -5.402E-D1 -2.CO03E 00
2 1 ~2.9956-01 -1.478% 00
1 1 0.000E-01 0.000E-01

VALUES OF DESIGN VARIABLES

1 k4

0.000E-
0.000E-
D.000F -
0.000E-~
0. 000€-
0.000E-

3

0 0.2379E 02 0.1496E 02 0.3181E OO0

ANALYSIS OF TRUSS ELEMFNTS, CCNSTRN CCDF= 1

FLEMENT X-SECT AREA LOAD COND

0.2379€ 02 i
0.1494E 02 1
0.3181F 00 1
0.1000E 00 1
0.3059€ Q2 1
0.1000€E 00 1
0.2083 07 1
0.8460F 01 1
0.1188F QO 1
0.2088E 02 1

DOD g P LN

—

Wttt bl dok bk bbb kb ko ok

FVALUATION OF NESIGM NUMRFR 5
I TR P P e P I T e e e T T

STRESS RPATIOD LNAD COND

MAX 0.1000F O 4]
MIN 0.2643E 00 1

MAX DISP RATIOS LNAD COND

-0.1001F 01 - 1
-0.1002F 01 1

Computer Printout for the Second Stage of Design (o

14
o1
01
(1]}
01
01
01

XX
0.0000E-01
0.0000E-Q1
0.0000E~01
0.0000E-01
0.0000E-01

0.0000E-01

4

vy
0.0000F-01
0.0000E-01
©0.0000E~01
0.0000E-01
0.0000E-01
0.0000€-01

5

43
0.0000£-01
0.0000E~-01
0.0000E-01
0.0000E~-01
0.0000E-01
0.0000£-01

6

T

0.1L000E 00 0.3058F 02 0.1000E 00 0.2083E 02 0.8460E 01

AXI AL FORCEF

-0.1979E
~0.1000€
~0.9658E
-0.9672E
0.2021€
0. 2059E
=0.1442E
0.138SE
0.1367E
0.1414€

cé
06
1}
01
06
Q4
06
06
02
06

DE'S VARTABLE
4

EQN NUNMRER

4
6

5

(The last two designs only are reproduced.)

0.25)

9 10

0.1188E 00 0.2088F 02

Z1°1°1



DFSION IS CRITICAL

STRUCTURAL WETGHT=

REDESIGN NPERATINN

0.5074E 04

FOLLNWS

NPTIMALITY INDEX OF DESIGN VARTABLES FOR DISPT.

DV NO ACT/PAS

ACT
ACT
ACT
PASS
ACT
PASS
ACT
ACT
PASS
ACY

QO DNE AP WN-~

-

NN, NF ACTIVE DISPLACEMENT CONSTRAINTS ARE

INDE X

~0.96269E
~0.10121¢
-0.21610¢

0.22408%
-0.10230%

0.52923¢
-0.10535¢E
~0,705438F

0.31737E
-0.10386%

Q0
1

00:

ag
01
01
123

00

00
01

1

CONSTRAINTS

1% I |



ek ook ek kR kb gk kbR
ANALYSIS OF DESIGN NUMBER 6

PRI et E L S e e P PP L L T L
NODAL DISPLACEMENTS AND ROTATICONS'
NODE t0AD X Y
6 1 0.000F-01 0.000€E-01
5 1 2.352€~-01 -~7.205E-01
4 1 1.550E-01 -2.037€ 00
3 1 -5.454E-01 -1.S76E 00
é 1 -3.063€-01 -1.A803% 00

1 1 0.000E-01 0.000€-01

"0.000E-0L "

z

0.000E-01

0.000F-01

0.000€-01

0.000E-01

0.000E-01

VALUES DF DFSIGN VARTIABLES

0 0.2313F 02 0.1509F 02 O0.1311€ 00 0.1000F 00 O0.3111F 02 O0.1000E 00 0.2166E 02 0.6584E 01

ANALYSTS OF TRUSS ELEMENTS, CONSTRN CCDE= 1

1

2

3

ELEMFNT  X~SFCT AREA LCAD COND  AXIAL FORCE
1 0.2313€ 02 1 -0.1968E 06
2 0.1509E 02 1 -0.1002E 06
3 0.1311F 00 1 -0.2229€E 03
4 0.1000€ 00 1 ~0.2229E 03
5 0.3111€ 02 1 0.2032€ 06
6 0.1000¢ 00 1 0.3007E 04
7 0.2166E 02 1 ~0.1460E 06
9 0.6584E 01 1 0.1369E 06
9 0.1000¢ 00 1 0.3152€ 03

10 0.2148F 02 1 0.1417E 06

kb hrhikbhiht ke bk P kbt hyhihs

EVALUATION OF DESIGN MUMAER L}
L T e e T P T Y T

XX
0.,0000€-01
0.0000E-01
040000€E-01
0.0000€-01
0.0000£-01

0.0000F -01

4

STRESS RATIO LOAD COND DES VARIABLE
MAX 0.1203F 01 1 €.
MIN 0.2613E 00 1 5
MAX DISP RATINS LOAD COND ECN NUMPER
-0.9680F 00 1 4
~0.1019¢ 01 1 6

Yy
0.00006-01
0.0000£-01
0.0000E-01
0.0000E-01
0.00006-01

0.0000€-01

5

4
0.0000€~-01
0.0000€-01
0.0000E-01
0.0000€E-01
0.0000E-01

0.0000E~-01

6

7

9 10
0.1000E 00 0.2148F 02

PI°1°1



UNTFORM SCALING OPFRATION FOLLOMWS

SCALE FACTOR IS 1.203AND DETERMINED BY STRESS CFNSTPRAINTS

CESIGN VARTABLES DF SCALED

VALUES OF DESIGN VARIABLFS
1 2
0 0.2781F 02 0.1815F

STRUCTHRAL WEIGHT= 0,6067F

PEDESIGN NPERATION FOLLOWS
TERMIMAL DESIGN~---LIGHTEST

(CRITICAL) DESIGN ARE

3 &

02 0.1576F 00 0.1203F 00 0.3741FE 02 0.1203E 00 0.2605€ 02

04

CRITICAL DFSIGN 1S DESIGN NUMBER

5

5

6

7

0.7919€ 01

9 10
0.1203E 00 0.2584F 02

ST'T1°1



M.1l.1

M. BEAM ELEMENTS

M.1 Plane Rectangular Frame

The geometry of the frame is defined in Fig. M.1.1. Each of the
twelve elements is . sized independently, but the cross-sectional pro-
portions of the reference section must be maintained throughout the
structure, i.e., Construction Code No. 2 is to be used.

The frame is subjected to three load conditions shown in Fig. M.1.2.
The remainder of the design data is:

E =29 x 106 psi (Young's modulus).

G; = 02 = 29,000 psi (allowable stresses).

p=0.283 1b/in3 (specific weight}.

A* = 0.1 in2 for all elements (min. allowable cross-sectional

areas). Since this value is never reached during design,
it is equivalent to having no lower bound on the element
sizes.

A = 30.0 in2 for all elements. (initial cross-sectional areas).
Note that this value differs from the cross-sectional area
of the reference section.

u; =+ 0.3 in for nodes 1, 5, 6 and 10 (max. allowable displace-

ments in + x-direction).

Symmetry of structural layout, loading and the constraints will
result in a material distribution that is also symmetric. We may take

advantage of this knowledge and impose symmetry conditions on the
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Layout of Elements and Reference Cross Section
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Figure M.1.2

'Load Conditions (loads in kips)



M.1.3

design at the outset, using the following equal size constraints:

A=A, (=Dy) Ag = Ay (D)),
Ag = Ag (= Dg) Ay = Ag =Dy,
Ag = Ajg 5Dg) » Ay = A, (5 D)

where Di’ i=1,2,...,6 are the independent design variables. It is
now sufficient to consider load conditions (1) and (2) only.

The design history of the frame is summarized in Table M.1.1
The final design was reached after six redesign operations, but the
weight changes in the last two redesigns are negligible. The design is
governed by stress and displacement constraints simultaneously.

A frame with identical layout, loading and constraints has been
treated in Ref. [9] by a somewhat different design method. The optimal
design was reached in 12 design cycles. A direct comparison of the
results with those of DESAP 1 is not practical, however, because the

proportions of the cross section were not kept entirely constant in [9].

Special notes on input-output:

1) We set KSCALE = 2 in the Design Control Data,thereby implying that
the internal forces remain unchanged upon uniform scaling, i.e.
that scaling is an exact operation. The above is true only if the
contribution of the axial deformations is neglected in comparison
to the bending deformations, which may indeed be done for orthogonal

frames. This approximation in no way impairs the accuracy of the



M.1.4

final design; it simply means that for a scaled design the
maximum stress or displacement ratio (whichever governs) is not
precisely one.

2) Node number 13 in Nodal Point Input Dafa is used solely for de-
fining the direction of the local y-axis of each element (also
see Element Data).

3) Bending takes place about the local z-axis; consequently properties
of the cross section about x and y-axes do not have to be defined

on the Geometric Property Cards.

";e;: ElemA b .Crifical) Scalgd Designs (sq. in.)

Var. ’ 0 1 2 3 4 5 6

‘--i-r *1:; 30,0b> .24.39. 19.91 16.30 13.84 12.51 11.70
2 3,4 30.00 21.05 15.31 11.68 9.57 8.55 8;09
3 5,6 30.00 22.68 16.63 12.10 10.99 11.08 11.19
4 7,8 30.00 34.83 39.11 41.35 43.07 44.06 44.59
5 9,10 30.00 22.33 20.60 21.74 22.63 23.16 23.45
6 11,12| 30.00 30.25 31.11 31.43 31.85 32.21  32.37

wt. (kips) 13.24 11.59 10.75 10.21 10.04 10.03 10.03

Table M.1.1

Design History of Cross-Sectional Areas and Total Structural Weight.



00001 123456 7RGA2J4SHTRONRYIVASHTROCTZ2ILSOTRON] 2VES5ATRAT L 2ZIASATROTI2345607ROCI2ILSATRON
An700  SY'!PMETRICAL PFCTANCILAP FRAME- STPTASS AND DISP, OONSTS, VEMEAYYACS TAPER P, 103
ne7s50 113 ! 2 h

neknn 10 2 0,025 n,t t 1 1 0.8 0,67
neesn fo1a, 0,1

080 1 ~1 -1 -1 3no,

08950 5 AP0, 3no, 1
ntoon 3 180.

oensn 10 ARD, 1?0, 1
0ol 0o 11 1 1

00150 12 ! 1 ! 1 1 480,

n9700n 13 1 ) 1 1 1 I -1n0, A0N,

ne2s0 2 1?2 1 1 2

najon ! 0,283 29000000, 2on0n, 29000,

neyse ] 1 28,7 1420, 4

040D 256,03 -254.03

004sn

nosno

nossgy

noAnn 2 4 5 11 1 1 1 3
00650 4 3 4 13 1 1 ?

norna f 1Q 3 13 1 1 k] [
Nn750 & 9 10 113 1 t ] 3
napnn 10 £ o 11 1 1 5

noftsn 11 11 f 11 1 1 [

ananpn 12 17 in i3 1 1 6

noasn

1eo00n

1ousn ! 10,1 0.3

1ninn 1 0.9 0.3

10150 5 1n.3 0.3

10200 5 20,3 n, 1

10250 L 1n.3 0.3

19300 g 0.0 0.1

10350 1 10.1 n,?

1naon Kyl 2n.3 0.1

to4s50

1nsen 1 1 -5000.

1n550 1 2 3570, =5000.

10600 2 1 -1onno,

10650 2 ? -tnnon,

10700 3 1 10000,

10750 3 2 ~toano,

inRnp A 1 -1n0nn,

1nes5n 4 2 -10060n0,

1nangp 5 1 -5nnno,

10950 Al 2 ~-5nno,

tinpn f | =1nnan,

11050 ) 7 warn, -10n0n,

Hine 7 i -1n00n,

trisoe 7 2 720060,

11200 L 1 ~2annn,

{1250 T 2 =20000,

11300 AL 1 -7nnnn,

113150 2 ? =20np0,

1400 tn t ~lnoon,

T14asp 1 ? -1nnin,

11500

FESSO 12 BAATEONID3ASATROV I DITLSRTIOOC 1P UARATCON | 21ASLTI00N 2VASATCOT [ 2VARAGTO0G I I4GAT 0NN
I1eno

Echo of Input Cards
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SYMMFTRICAL PFCTAMGUL AR FRAMFE- STRESS AND DISP, CMNSTS, VENKAYYA'S PAPER P,303

NUMREP OF NCODAL PPINTS = 13

NUMRER NF FLFMFMNT TYPFS = 1

NUMBER NFE LNAD CASFS = 2

NUMRFR NF DFS, VARJARLES = 6

NESIGN CONTPDL DATA

NCYCL = 10

KSraLF= 2

DELTA = 0,2500F-01

FOSIL = 0.1000S Q0

KDISP = 1

NMEGA = 0.R0000

ALPE = 0,67000

NESIGM VARTARLE INPUT DATA

CESIGN

VART2RLF THTTIAL MIN ALLOWABLF

NUMRFR VALUE vALUR
1 0.2000F ©2 0.1000F 00
? 0.3000F 02 0.1000% 00
3 0.3000% 02 0.100nc 00
4 0.2000° 02 0. 10C0€ 0N
% n,nnac 02 0. 1900 00
] 00,2000 02 0.1000% 00

NNRAL POINT INPUT DATA

NODE BOUNDARY CRNMDETION CNONES J————— NCTAL OCINT CPCRDINATFS--m—e——=— /
NUMRFR X Y 7 xx Yy 11 X Y 4 T
1 o o -1 -1 -1 0 0.000 300.000 0.000 0 0.000
5 0 o (4] [1) 3] Q 480,000 300.0N0 0.000 1 0,000
6 o 0o o0 o 0 0 0.000 180.000 0.000 0 0.000
10 I 0 [ o n € 480,700 180.000 0.000 1 0.000
2 u 1 1 0 o 0 0 0,000 0.000 0.000 0 0.000
12 1 1 1 1 1 0 480.000 N.000 0.000 0 0.000
I 13 1 1 1 1 1 1 -106.000 €00.000 0.000 o0 0.000
GENFRPATED NOPAL DATA
NODF AOUMDAPY CNNDITION CONES J=—====NPPAL FCINT CPCRANIMATFS—m—m————— /
NUMRFP X Y 14 Xy Yy 17 X Y 4 T
1 n ] -1 -1 -1 [1] 0.000 200,000 0.000 0.000
? 5 "0 -1 -1 -1 0 12n.0700 ang.on0 0.000 0.000
3 (4] 0 -1 -1 -1 0 240,000 anag.noe0 0.000 0,000
4 0 0 -1 -1 -1 n 360.700 N0, 000 0.00n n, QNN
s 0 -0 -} -1 -1 [} 4RN 900 200.000 0.000 0.000
¢ N S | n n.onn 1R0.000 0.000 0.900
7 n n -1 -1 -1 n 120,790 1RO . N0 0n.An0 n,ano
8 n n -1 -1 n 26D ,0N0 180,000 0.7"00 0.000

Computer Printout
(Input data, the initial design and the final design only are reproduced.)

9'T"N



9
10
11
12
13

FQUATTON NUMRFR S

QODNPANAD BN Z

11

- b
W

3D

- O

-1
-1
-1

POV DIHNADIO0IOAN

-1
-1
-1

DOMOUDDANDIDODAD X

~1
-1
-1

<

DA OIDDODOVDADVDOIX

~ OO0

17

12
15
18

21

24
27
£
31

32

360.000
480.000
0.000
480.000
-100.00n

180.000
180.000
0.0Nn0
0.0n0
600.000

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0, Coo
0.000
0.000

L TN



THIFE DTMFNSTOMAL RCAM E|FMENTS

NUMBER NF BEAM FLEMFNTS = 12
CONSTRPUCTINN CNDF = 2
NUMBEP DF MATERIALS = 1
NUMREP OF GEOMETRIC PRPOP=RTILS: 1
NUMBEE OF FIXFD-FNN €NRCE SETS= 0
MATERIAL PAnNPERTY CARDS
MATFRTAL SPECIFIr ©YOUNRS POISSCAS  fommmmmmm ALLOWARLE STRESSES=—m————=/
NIMRER WEIGHT MODULUS PATIO TENSICN  COMPRESS 10N SHEAR
1 0.2830D Q0 0.79005 08 (.0000F 00 0.7900% 05 0.2900E 05 0.1673F 05
GEAMETRIC PROPERTY CARDS
PRAPERTY X-SFCT X-CFCT  fo-mmme PRCPERTIFS NF X-§FCTION==m== /
NUMBER KQD*= BRFA X-AXTS Y-AXTS 7-AXIS
1 1 0.28700 02 0.17000F 00 0,0000% 00 0,3429F 04 MOMENTS NF INERTIA

0.9000F 00 0.0000° 00  0.2540F 03 SECT MODUL] FOR PDINT A
0.0000F 00 0.00N00F 00 -0,2540% N3 SECT MODULY FO® PNINT B

ELEMEMT LOAD MIILTIPLIFRS

A 8 r 0
X-DIP  0.N0000ON 0O 0,00005000 00 0.000000D €O 0,000D000 00
Y-pIi=  0,1000000 00  0.0000000 €O  0.0000000 00  0.0NN00ON 00
Z-NIR  0.000000D 00  0.000000D 00  0.0000N0D 00  0.00N000D 00

PPNCESSED FLFMFNT DATS

FLEMENT  /---NNDF NOS-~/ /--ELEMENT 1D NCS~/ CFSTAM VAR FIXED ENN-FNRCE ID FMD RELFASF CNDES

MIMAER 1 J K NATL GECMY D VAR FRACTION A f C D
1 1 ? 13 1 1 t 0.1000F 01 0 0 0 0
2 4 s 13 1 i 1 0.1000% 01 0 4] (s} 0
3 ? 3 13 1 1 7 0.100pF 01 0 0 0 0
4 3 4 13 1 1 2 0.109nc 0} 0 [\ 0 o
5 L} 1 13 1 i 3 0.,100n€ 01 L] 0 (1] Q
6 10 s 13 1 1 1 n,100n0E 01 0 0 1] Q
7 6 T 13 1 1 4 0,1000F 0) 0 0 0 o]
a 9 10 13 1 1 4 1.1000F 01 n [\] o] n
9 T 8 12 1 1 5 0.1000F 0O} 0 o 0 0
10 8 9 13 1 1 S 0.16G00F DY 0 o 0 0
11 11 L3 13 1 1 6 0.1000F 01 0 (4] Q 0
12 12 10 13 1 1 & O.1P0NT 0] n n 0 0

STRUC TURE STFIF TYPE LNAD MULTYBL[FRS

LDOAD CASE A n [o e
1 0,000 0.000 0.000 0,000
2 n,ene 0,010 n, 000 n,.00n

1

000000
000000
00n000

QnonQoo .

000000
000N 00
000000
annoon
000000
000000
000000
000000

J

000000
000000
000000
000000
000090
anoono
000000
0000N0
noeono
[ealolals 1]
noegnn
n90000

ARAND
WIDTH

[

8°'I'H



MADAL DNISDLACFMFNT/RNTATICN CONSTRAIMTS

NODF LNAD/——mmmm—

ND. CASE nX
1 1 0.30000
1 ? 0.30700
& 1 0.3n0000
5 2 0, 3In03N0O
6 1 2.30000
[ 2 0.30000
10 1 0. 20000
" ? 0.30000

NONAL PCTINT LOADS

NODF 1.0AD
ND, CISF RX
1 1 0.000F
] 2 0.357€
? 1 0.n0O0E
? 2 C.00NF
3 1 0,.000F
3 2 0, 000F
& 1 Q. N0NE
D) 2 N.000F
5 1 0, 000F
5 ? 0.000E
[J 1 0.000F
6 2 0.892¢c
7 1 Q0. 000F
7 2 0.000F
f 1 0.n00c
e 2 0.000F
9 1 0.00ne
Q 2 0.000F
10 1 0.000€
10 2 0.NQ0E

00
ng
0n
00
0o
00
[414]
00
0e
00
0o
na
00
o0
no
00
oo
0o
00
a0

ny
0. 00000
0.0nN00
0. N0ONO
0. 00000
0. 00700
0.00000
0. 00000
0.00000

R
~0.500¢
~-0.500%
-0,100%
~0.100%
-0.100%
-0.100%
-0.100%
-0.10n¢c
~0.500F
-0.500€E
~0.10nE
-0.,100%8
-0.7090¢
=N, 209E
-0.200%F
-0,200%
=0.20%¢
-N.200E
~0.100%
-0,100¢<

TATAL NUMRER NF FOQUATTIONS

RANNDWINTH

MUMRFP NF FQUATINNS M A BLOCK

NUMRER QOF ALOEKS

MAX ALLOWABLF DIS
oy

ng RX vl
0.000N0  0.00000  0.00000  0.00000
0.N0000 N,00000 0.00000 0.00000
0.00000 9,00000 0.00000 0,00000
0.00000 0.07000 0.00000 0.00000
0.00000 9.,00000 0.00000 0,.0n000
0. 0000 0.00000 0.00000 0.00000
n.10000 0. 00000 0.00000 0.00000
0.00000  0.00000 0.000N0  0,00000

APPLIEDN LNATS

Y Q? MY MY
04 n.0008F 0N D.0N0F 00 0.000¢
06 0.000F N0 0.000F N 0.000¢E
05 0.000F 00 0.000F 00 0.000F
s 0.000E 00 0.000€ 00 0.000¢c
as 0.000¢ NO 0.000F 00 0.000F
05 n.necar 0o 0.000F 00 0,0008
05 0.00NF 00 0.0G0F 00 0.000F
05 0,0C0F 00 nN.000F 0O 0.000F
0% 0.000F N0 0. 000F 0O 0.000F
0s 0.000F 90 7.000€ 00 0.000E
s 0.000% 0N N.000F 00 0,000E
0s 0.0C9F 00 0.000F 00 0.000€
as 0.0N0F N0 0.N0NF 00 0.000€
05 0.000F 00 0.000F 00 0.000€
0s 0,NNDYF 00 0.000F 00 0.000%
05 0.000% 00 n.000¢ 00 0,000
05 0. 000F N N.0N0F 00 0.0008
05 Q.000% 0D 0.000F 00 0,000€
a5 0,000z 0N 0.000F 00 0.000¢c
as a.0q08 00 0. Q00E QO 0,.000€

40N

32
18
32

PLACEMENTS AND ROTATIONS

-Dx -DY
~0.30000 0.00000
-0.30000 0. 09000
-0.30000 0.00000
~0.30000 0.00000
-0.30000 0.00000
-0.30000 0.00000
-0.30000 0.00000

-0.

00
00
oo
00
0o
00
00
00
(]
00
00
0o
0o
00
(U]

00
00
0o
00

30000 0.00000

Mz

0.000E
0.000E
0.000E
0.000€F
0.000E
0.000E
0.000€
0.000F
0.000E
0.000€
0.000€
0.000E
0.000E
0.000F
0.000¢
0.000€
0.000€
0.000E
N.000E
0.000€

a0
on
on
[¢v]
0o
00
an
on
00
00
00
00
00
(¢ 1]
on
[+ 1\]
00
0n
00 .
00

-0
0.00000
0.00000
0. 00000
0. 00000
0. 00000
0.00000
0.0n000

0.00000

-RX
0.00000
0.00000
0.00000
0.00000

0.00000 .

0. 00000
0.00000
0.00000

-ny
0.00000

0.00000

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

-R7
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.000n0
0.00000

6°T"HW



A2 AL AR LS IR ISR AR AT bt RADE EY 4

SAMALYSTIS NF NFCIGN MMARD /]

aphbktpPhd b vk PRI 2L P kR g

NONF LOAD
12 1
2

12 1
?

t1 1
2

10 1
2

9 1
2

R 1
2

7 1
2

) 1
2

5 1
2

L 1
2

3 1
2

? 1
?

1 1
?

x

0.000F-01
N.0nnc-Mm
0.000F-01
0.000F-01
0.000F-N1
0.000F-01
5.740°-02
2.370F-01
?2.869F-03
2.355c-01
~5.849°-07
2.332¢-n1
~2.ATLF-02
2.310%-01
=5, T41F-03
?2.287°-01
=T7.251F-03
2.RT6F-01
~3,626F-03
2.9155-01
~8.122F-07
2.754%-0)
2, 624507
2.993E-01
T.249F-03
3.n315-01

n.0N0F-01

0.0005-01

0.000F-01

0.0005-01

0.000F-M

2.0NME-01
=1.241F=-02
~1.357€-02
-l.778E-01
~1.481E~01
~2.859E-01
-2.858E-01
-1.778F-01
-2.073F-01
~1.241E-02
=le126E-Nn2
-1.517F-02
-1.£57E-Q2
~1.004E-01
-Be6236F~02
~1.5545-01
-1.546E-01
-1.004E-01
-1.133E-n1
~1.517%-0?
-1.377F-02

VALHES NF NPFCIGN VAPTARLES

a 0.

1

0N0F 0?2 0.,2000F 072 0,3000F 02

?

T NONAL DYSPLACEMENTS AND RNTATINMS

Y

3

AMALYSTS OF AFAM FLFMFNTS, CONSTPN CODF= 2

ELEMENT X-SECT AREA

1

?

2

0.3000F N

0, 3000F 02

0.3000F N2

10AN CNND

13

AXTAL PX

0, 262RF
-0.2678¢

0.2821F
-0.2921F
0.2629F
~-0.262RF

0.2821F
-0.2921F
0.262R¢
=N, 2h2RT

ns
as

a5
n5
Qa5
113

as
05
ns
ns

7 XX

0.000€-r1  0.0000E-01
0.009c-71  0.0000F-01
0.0005-01 0.NONNE-0]
D.000F-01 0.0000°-01
0.000c-01 8.,00005-01
0.000F-01 0.0000F-01
0.0005-01 0.0000F-N1
0,0005-01 0.0000F-01
0.0MME-OL  0,0000F-0)
7.000F-011 N.00005-01
0.00nE-01  0.00N0E-G)
0.000F-01 N.0NONE-OL
0.000F-01 0.0010F-0}
G.000E-01 0.0000E-01
0,000e-01 D.DONNC-0}
Q.000F-2]1 0.00005-01}
0.000E-01 0.,0000F-01
C.000F-01 0.000NF-01
0.0N05-11 0.0000F-0}
g.np0onc-n1 Q.CN00F-0L
0.000E-01 0.0000%-01
0.0N0F-01 0,.0000E-01
J.000E-01 0.CO00F-0Y
0.000F-01 0.0000F-01
0.0005-01 (0.N000F-0}
0.000F-01 0.0020€-01

4

0.39N0F 02  0.3000F 02 0.2000F 02

CHEAP PY

0.1500F 05
-0.1500F 0%

0.1322F 05
-N.1322% 0%
-0.1500F 05

N.1500F 0%

-0.1678F n§
0.1678c 05
Q.SNO0C 04

~N.8NANC 04

vy 124
0.0000E-01 0.0000F-01
0.0000E-01 0N.NOCNE-D}
0.0000F-01 -2,0391E-04
0.0000E-01 -1.8998€-03
0.0M0NDOE-01 3.0392E-04
0.0000F-01 -1.3124E-03
0.0000F-01 S5.1216F-04
0.N0C0E~-0]1 -1.637RE-04
0.0000F~01 1.5812F-03
0.00N0F-01 1.6598F-03
0.0N00E-01 6.8365¢-10
0.0000E-01 3,2033E-04
Q.00007-N11 -1.5812E-~-03
0.0000f-01 -1.5018€E-03
0.0000F-01 -5.1215F-04
0.0N00E-01 ~-).1864F-02
0.0000F-01 2.8481E-04
Q.0000E-01 -4,2769F-05
0.0000E-01 8.0498E-04
0.0000F-01 8.3516E-06
0.0000F-01 -8,6416E-10
0.0000E-01 1.5167F-04&
0.0000E~Q1 ~B.0498E-04
0.0000F-01 -7.6B07€E-04
0.0000F-01 -2.8481F-04
0.,0000F-01 -5,9891F-04
5- [

SHFAR RZ TOPQUE MX
0.0000c 00 0.0000F 00
0.0000F 0O 0.0000F 0N
0.0000F 00 0.0000F 00
0.0000E OO (0.0000F DO
0.0000F N0  0.0000F 00
C.0000° 00 0,0000F 0N
0.N00NF 00 0.00NOE MO
0.0000F 0N N.ANONE 0N
N,N000E 00 0.0000F 00
0.7000¢ 00 D.OD0NE 0D

MOMENT MY

0.0000F
0.Q000F

0.000NE
0.00N0F
0.C000€E
0.0000F

0.0000E
0. 0000F
0.0000F
0, 0NONF

00
oo

oo
oo
0on
nn

00
oo
00
oo

MOMENT MZ

0. 1371F
0.4289F
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N.1.1

N. PLANE STRESS ELEMENTS

N.1 Rectangular Plate with Reinforced Hole

The plate under considera-

Y 250 1b/in tion is shown in Fig. N.1.1. Due

-

4 A A A to double symmetry, it is suffi-

1 :;;/, cient to treat one quadrant of the
= 3.9" plate only, as indicated by the
-
— ' % finite element mesh in Fig. N.1.2,

—!—- - - "

5 ! Isotropic, plane stress elements
& (Construction Code No. 2) are used
—
= .

Reinforcement to model the plate, whereas the

reinforcement is approximated by

f Y i 4

7.8" 7.8" | a series of bar elements (Con-

-

-~

Figure N.1.1 struction Code No. 1 was chosen

Plate with Reinforced Hole arbitrarily). Each element is
sized independently.

Identical material is used for the plate and the reinforcement, with:

106 psi (Young's modulus),

tm
"

0.25 (Poisson's ratio),

<
[}

o; = c; = 25,000 psi (allowable stress),

0.1 1b/cu.in. (specific weight).

©
It
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Finite Element Mesh for a Quadrant of Plate



N.1.3

In addition to stress constraints, upper bounds are’'placed on
the relative displacements of the edge of the hole. Referring to

Fig. N.1.2, the constraints are:

u; = + 0.341 in. for node 6,
u; = + 0.341 in. for node 32.

The initial and minimum allowable §a1ues of the design variables
are
t = 0.055 in. (thickness of plate),
A = 0.2145 in2 (cross-sectional area of the reinforcing ring),
t* = 0.01 in.,

A* = 0.01 in2.

The history of the design is summarized in Tables N.1.1 and N.1.2.
The problem was run for seven redesign cycles with a relaxation factor
of o = 0.4. The seventh design has not yet reached the convergence
criteria, but it was considered to be sufficiently close to the final
design to make further runs unnecessary: the weight change in the
last design cycle is small (Table N.1.2), and the optimality indicies
of all the design variables are within the acceptable bound, with the
exception of design variable No. 5 (see Evaluation of Design No. 7).

Tables N.1.1 and N.1.2 also contain the design obtained by a
different optimization technique [11], but regretfully only an
order-of-magnitude comparison of the two designs can be made. The

problem is that Ref. [11] employed triangular membrane elements, and



N.1.4

allowed the plate thickness to vary linearly within each element. A
linear variation of the cross-sectional area was also used for the
reinforcement. We attempted to compensate for this discrepancy in
modelling by laying out our finite element net such that the center

of each element coincides approximately with a nodal point of Ref. [11].
The design variables at these nodal points have been listed in

Tables N.1.1 and N.1.2 as the results of Ref. [11].

The comparison is made more difficult by lack of other information
in Ref. [11], such as the Poisson's ratio used, and an explanation of
how the structural weight was computed (we were unable to duplicate
the nondimensional weight listed in Ref. [11})..

The main discrepancy is in the thickness of the membrane elements
adjacent to the hole, where our design is considerably heavier. The
source of these differences is likely due to the finer finite element
mesh that we used around the hole, thereby obtaining a more accurate
prediction of the stress concentration.

A noteworthy feature of the design is the small weight increase
between designs Nos. 3 and 4 (Table N.1.2). Such weight increments
are commonly caused by a change in the active constraints; in this case
the appearance of a stress constraint that was inactive in the first
three redesigns.

Special notes on input-output:

1) The Von Mises yield criterion only was used in the stress-constrained
design of membrane elements. The maximum shear stress theory of
failure was made inoperative by specifying 1* = 0 on the Material

Property Cards.



2)

3)

4)

N.1.5

The loading acting on the sides of elements 25, 32 and 36 is

defined in the Element Data as uniform compression of 25,000 1b/in.
The use of the Element  Load Multiplier - 0.01 converts this

load to the desired tension of 250 1b/in.

The use of the stress printout code NS = 3 in Element Data means
that the stresses are evaluated at the center only for each membrane
element. Stress-constrained redesign is, therefore, based solely

on these central stresses.

The incompatible displacement modes were not suppressed, since
NPAR(6) was left blank on the Element Control Card (see Echo of

Input Cards).



N.1.6

[}
=l ®
.gﬂé é Critical, Scaled Designs (thickness in inches)
waHl o Ref.
Q=| m 0 1 2 3 4 5 6 7 [11]
1 1 .1056 .0398 .0100 .0100 .0111 .0104 .0100 .0100 |.0100
2 2 .1056 .0565 .0178 .0100 .0l111 .0104 .0100 .0100 |.0100
3 3 .1056 .0945 .0513 .0117 .0111 .0104 .0100 .0l00 |.0100
4 4 .1066 .1565 .1120 .0697 .0317 .0104 .0100 .0100 |.01l46
5 5 .1056 .2396 .2194 .1898 .1727 .1186 .0773 .0522 {.1354
6 6 .1056 .3031 .3517 .3986 .5209 .5404 .5844 .6354 | .1536
7 7 .1056 .0464 .0116 .0100 .0111 .0104 .0100 .0100 |.0100
8 8 .1056 .0660 .0299 .0100 .0111 .0104 .0100 .0100 |.0100
9 9 .1056 .0972 .0670 .0377 .0269 .0179 .0128 .0104 |.0100
10 | 10 .1056 .1390 .1261 .0988 .0968 .0865 .0866 .0868 |.0347
11 | 11 .1056 .1879 .1960 .1777 .1895 .1657 .1514 .1425 ?
12 | 12 .1056 .2205 .2812 .3015 .3825 .3835 .3968 .4187 |.1809
13 | 13 .1056 .0693 .0381 .0213 .0148 .0104 .0100 .0100 |.0100
14 | 14 .1056 .0773 .0512 .0336 .0326 .0277 .0250 .0234 |.0100
15 | 15 .1056 .0953 .0820 .0618 .0673 .0632 .0633 .0657 |.0480
16 | 16 .1056 .1103 .1223 .1067 .1194 .1118 .1108 .1121 {.0718
17 | 17 .1056 .1062 .1587 .1590 .1925 .1817 .1782 .1782 ?
18 | 18 .1056 .1047 .1507 .1471 .1787 .1681 .1650 .1663 |.0806
19 19 .1056 .0729 .0496 .0352 .0310 .0265 .0248 .0245 |.0172
20 ] 20 .1056 .0736 .0544 .0404 .0391 .0338 .0324 .0378 |.0264
21 | 21 .1056 .0866 .0800 .0646 .0694 .0622 .0593 .0591 {.0240
22 | 22 .1056 .0936 .1025 .0917 .1105 .1022 .0979 .0979 |.0782
23 | 23 .1056 .0605 .0443 .0326 .0400 .0338 .0301 .0287 ?
24 | 24 .1056 .0824 .0796 .0667 .0877 .0790 .0742 .0735 |.0418
25 | 25 .1056 .0491 .0244 .0154 .0136 .0135 .0132 .0130 |.0102
26 26 .1056 .0531 .0283 .0162 .0115 .0104 .0100 .0lo0 | .0100
27 | 27 .1056 .0641 .0432 .0273 .0245 .0199 .0177 .0169 |.0100
28 | 28 .1056 .0688 .0519 .0292 .0330 .0315 .0309 .0315|.0189
29 | 29 .1056 .0622 .0386 .0170 .0111 .0104 .0100 .0100 |.0251
30 30 .1056 .0842 .0926 .0810 .1151 .1237 .1287 .1332 ?
31 | 31 .1056 .1407 .1658 .1605 .2284 .2414 .2387 .2400 |.0498
32 | 32 .1056 .0493 .0212 .0110 .0117 .0122 .0212 .0122 |.01l02
33 | 33 .1056 .0498 .0235 .0121 .0120 .0110 .0106 .0106 |.0100
34 | 34 .1056 .0437 .0100 .0100 .0111 .0104 .0100 .0100 |.0100
35 | 35 .1056 .0353 .0100 .0100 .0111 .0104 .0100 .0100 |.0100
36 | 36 .1056 .0523 .0208 .0103 .0111 .0104 .0l100 .01Q00 {.0l00
37 37 .1056 .0397 .0100 .0100 .0111 .0104 .0100 .0100 |.0100
Table N.1.1

Design History of Membrane Elements.




N.1.7

5672 .3992 .2959 .3121 .2862 .2763

(]

—]
E{E é Critical, Scaled Designs (areas in sq. in.)
wHl O Ref.
a=|m 0 1 2 3 4 5 6 7 [11]
3811 .0215 .1316 .1595 .1880 .2511 .2601 .2718 .2795 |.2149
39| 2 .0215 .1149 .1298 .1417 .1754 .1684 .1634 .1590 | .1767
40 | 3 .0215 .0833 .1018 .1039 .1233 .1148 .1088 .1047 |.0768 "
41 | 4 .0215 .0315 .0375 .0332 .0372 .0331 .0356 .0289 | .0207
42 | 5 .0215 .0202 .0100 .0100 .0111 .0104 .0100 .0100 | .0008
43 | 6 .0215 .0313 .0223 ,0137 .0111 .0104 .0100 .0100 | .0256
Wt. (1b) | .8656 .2759 ?

Design History of Bar Elements and Total Structural Weight

Table N.1.2




000N 12345R789A12F465A7RARI2VASKTOCT2T4SRTRONI23ASGTNAR12145ATRAT 1 2145GTRQAGT 2TASGTRON
05400 RECTAFCHLAP PLATE VIITH RETNFOPCEDN NOLE - STRESS AND DISPLACEMERT COMSTS,

05450 42 .2 1 43 b

nss00 10 1 n.n25 0.1 1 1 ! 0.8 0.4
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Echo of Input Cards
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ne2s?
NRIN0
0RISN
DRAOD
neasn
NRSN0
Nrs5Sn
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RECTANGULAR PLATE WITH REINPORCED HOLE - STRESS AND DISPLACENENT CONSTS.

NUMBER OF NODAL POINTS = 42
NUNBER OF ELENENT TYPES = 2
NUNBER OF LOAD CASES = 1
NUMBER OF DES. VARIABLES = 43
DESIGN CONTROL DATA

NCYCL = 10

KSCALE= 1

DELTA = 0.2500E-01

EPSTIL = 0.1000E 00

KDISP = 1

OMEGA =  0.80000

ALBA =  0.40000

DESIGN YARIABLE INPUT DATA
DESIGH

VARIABLE INTITIAL NIN ALLOWABLE
NUEBER VALUE VALUE

0.5500E-01 0. 1000E-01
0.55002-01 0. 1000E-01
0.5500E-01 0.1000E-01
0.5500B-01 0. 1000E-01
0.5500E-01 0. 1000E-01
0.5500E-01 0. 1000B-01
0.5500E-01 0. t000¢e-01
0.5500E-01 0.1000E-01
0.5500B-01 0. 1000E-01
0.5500E-01 0. 1000E-01
0.5500E-01 0.1000E-01
0.5500E-01 0.1000E-01
0.55008-01 0. 1000B-01
0.5800e-01  0.10008-01
0.5500E-01 0. 1000E-01
0.55008-01 0.1000E-01
0.5500E-01 0. 1000E-01
0.5500E-01 0. 1000E-01
0.5500E-01 0.1000E-01
0.5500B-01 0.1000E-01

[ R s R
QWD NANEFWNROVAINNAIANEWN =

21 0.55002-01 0. 1000E-01
22 0.5500E-01 0. 1000E-01
23 0.5500E-01  0.1000E-01
24 0.5500E-01 0. 1000E-01
25 0.55002-01 0. 1000E-01
26 0.55002-01 0, 1000E-01
27 0.5500E-01  0.1000B-01
28 0.5500E-01 0. 10008-01
29 0.5500E-01 0. 1000E-01
30 0.5500E-01 0. 1000E-01
31 0.5500E-01 0. 1000E-01
32 0.55008-01 0. 1000E-01

3 0.5500E-01 0, 1000801
34 0.5500E-01 0. 1000E-01
35 0.5500E-01 0. 1000E-01

Computer Printout

(Input data, the initial design and the final design only are reproduced.)
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36 0.5500B-01 0.1000E-01

37 0.5500B-01  0.1000E-01
38 0.21458-01 0.1000E-01
39 0,2145E-01 0. 10002-01
80 0.2145E-01 0. 1000B-01
L2} 0.2145e-01 0. 1000E-01
42 0.2145e-01 0. 10002-01
L] 0.21458-01 0. 1000E-01

NODAL POINT INPUT DATA

KODE BOUNDARY CONDITION CODES Jmem——- NODAL POINT COORDINATRES====w=-=
NUNBER X Y z XX T 2z X Y
1 0 1 -1 -1 -1 -1 0.0 0.0 0.0
2 0 1 0 0 0 0 0.500 0.0 0.0
3 0 1 0 0 0 0 1.700 0.0 0.0
4 0 1 0 0 0 0 2.700 0.0 0.0
5 0 1 0 0 0 0 3.500 0.0 0.0
6 0 1 0 0 0 0 3.900 0.0 0.0
7 0 0 0 0 0 0 0.0 0.800 0.0
8 0 0 0 0 0 0 0.500 0.800 0.0
9 0 0 0 0 0 0 1.800 0.800 0.0
10 0 0 0 0 0 0 2.800 0.750 0.0
1 0 0 0 0 0 0 3.600 0.700 0.0
12. 0 0 0 0 0 0 3.910 0.340 0.0
13 [1} 0 0 0 0 0 3.980 0.780 0.0
A1) 0 0 0 0 0 0 0.0 2.700 0.0
15 0 0 0 0 0 0 0.700 2,600 0.0
16 0 0 0 0 0 0 1.900 2.500 0.0
17 0 0 0 0 0 0 3.000 2. 400 0.0
18 0 0 0 0 0 0 3.800 1.700 0.0
19 0 0 0 0 0 0 4.360 1.830 0.0
20 0 0 0 0 0 0 0.0 5.300 0.0
21 0 0 0 0 0 0 0.800 5.000 0.0
T2 0 0 0 0 0 0 2.500 4,300 0.0
23 0 Q 0 0 0 0 3.700 3.700 0.0
28 0 0 0 0 0 0 4.700 3.200 0.0
25 0 0 0 ¢ 0 0 5.560 3.190 0.0
26 0 0 0 0 0 0 0.9 8. 100 0.0
27 0 0 0 0 0 0 1.700 7.300° 0.0
28 [ 0 0 0 0 [ 3.600 6.100 0.0
29 0 0 0 0 1} 0 5.700 5.200 0.0
30 0 0 0 0 0 0 6.100 8,200 0.0
31 0 0 0 0 0 0 7.020 3.820 0.0
32 1 0 0 0 0 0 7.800 3.900 0.0
33 0 0 0 0 0 0 0.0 11.700 0.0
34 0 0 0 0 0 0 1.800 11.700 0.0
35 0 0 Q 0 0 1} 3.200 9,400 0.0
36 0 0 0 0 0 0 8.800 7.700 0.0
37 0 0 0 0 0 0 6.200 6.300 0.0
e 1 0 0 0 0 0 7.800 4,900 0.0
39. 0 [ 0 0 0 0 4.800 11.700 0.0
80 0 0 0 0 0 0 6.200 9.300 0.0
81 1 0 0 0 0 0 7.800 7.400 0.0
42 1 0 i} 1 1 1 7.800 11.700 0.0

GEWERATED WODAL DATA
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BOUNDARY CONDITION CODES
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N.1.12
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15
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NUNBEP OF TRUSS ELEMENTS
CONSTRUCTION CODE

RONBER OP MATERIALS
NUNBER OF TEMPS FOR WHICH MATL PROPS GIVEN=
NUNBER OF DIFPFERENT GEOMETRIES PROPS GIVEN=

nonu

MATERIAL PROPERTY CARDS

SATERIAL NOUMBER SPECIFIC

- i b - O

YOUNGS

NUNBER OF TENPS WEIGHT TEHP MODULUS T
1 1 0.,1000F 00 0.0 0.1000e 07
GEONETRIC PROPERTY CARDS
GEONETRY X-SECT /-~-NOMENTS OF INBRTIA--/
RUMBER ARERA 1Y z7
1 0.2145p 01 0.1000F 07 0.1000E 07
ELERENRT LOAD NULTIPLIERS
A B Cc
X-DIR 0.0 0.0 0.0 0.0
Y-DIR 0.0 0.0 0.0 0.0
Z-DIR 0.0 0.0 0.0 0.0
TENP 0.0 0.0 0.0 0.0

PROCBSSED ELEMENT DATA

ELENENT /-¥ODE NOS-/ /--ELEMENT ID NOS-/

NUNBER I J BATL GEONY D VAR
1 6 12 1 1 38
2 12 13 1 1 19
3 13 19 1 1 40
4 19 25 1 1 41
5 25 M 1 1 42
6 k) 32 1 1 43

DESTIGR VAR
PRACTIOR

0.1000E 01
0.1000E 01
0.1000E 01
0., 1000E 01
0.1000E 01
0.1000E 01

COEFFT OF /--ALLOWABLE. STRESSES--/
HERS EXPAN TENSION COMPRESSION

0.0 0.2500F 05 0.2500E 05

REFERENCE ERD FIXITY COEFPFPICIENTS
TEMP 1Y b4
0.0 0.1000p 01 0.1000D 01
0.0 0.1000p 01 0.1000D 01
0.0 0.1000D 01 0.1000D 01
0.0 0.1000p 01 0.1000D 01
0.0 0.1000D 01 0. 1000D 01
0.0 0.1000D O1 0.1000D 01

BAND
WIDTH

13
14

11U
10
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NUNBER OF NENBRANE ELEBENTS
CONSTRUCTION KODE

NUNREF OF MATERIALS

WUABER OF TENPS FOR WHICH MATL PROPS GIVEN=

- A d

MATERIAL PROPERTY CARDS

BATL NO OF SPECIFIC YOUNGS POISSONS COEFFT OF Joceeesnocan ALLOWABLE STRESSES-==<~==-=<e- /
NBR TENMP WEIGHT TEMPERATURE BODULUS RATIO THERM EXPN TERSION CONPRESSION SHEAR
1 1 0.1000E 00 - 0.0 0.10008 07 0.2500E 00 0.0 0.2500E 05 0.2500F 05 0.0

ELEBENT LOAD PRACTIONS

LOAD CASE TEMPERATURE PRESSURE X-DIRECTION Y-DIRECTION Z-DIRECTION

A 0.0 -0.010 0.0 0.0 0.0
B 0.0 2.0 0.0 0.0 0.0
c 0.0 0.0 0.0 0.0 0.0
D 0.0 0.0 0.0 0.0 0.0

PROCESSED ELEMENT DATA

ELENT/~=~~~ +-RODES-=-=--~= //-1D W0S-/  DES VAR REPERENCE PRNT BAND

NONBRR I J K L BAT DYV FRACTION TERP PRESSORE BETA CODE WDTH
1 1 2 8 7 1 1 0.1000F 01 0.0 0.0 0.0 3 10
2 2 3 9 8 1 2 0.1000 Q01 0.0 0.0 0.0 3 11
3 3 L) 10 9 1 3 0.10008 01 0.0 0.0 0.0 3 12
L} 4 5 11 1 1 4 0.1000F 0t 0.0 0.0 0.0 3 13
5 5 6 12 1" 1 5 0.1000e8 01 0.0 0.0 0.0 3 14
6 n 12 13 13 1 6 0.70008 01 0.0 0.0 0.0 3 6
7 7 8 15 " 1 7 0.1000E 01 0.0 0.0 0.0 3 18
8 8 9 16 15 1 8 0.1000r 0t 0.0 0.0 Q.0 3 18
9 9 10 7 16 1 9 0.10008 01 0.0 0.0 0.0 3 18
10 10 11 18 17 1 10 0.10008 01 0.0 0.0 0.0 3 18
1 " 13 18 18 1 11 0.7000E 01 0.0 0.0 0.0 3 16
12 13 19 18 1M 1 12 0.1000E 01 0.0 0.0 0.0 3 1t
13 1h 15 21 29 1 13 0.100CE 01 0.0 0.0 0.0 J 16
14 15 16 22 21 1 1%  0.1%0008 01 0.0 0.0 0.0 3 16
15 16 17 23 22 1 15 0.1000E 01 0.0 n.0 0.0 3 16
16 17 18 24 23 1 16 0.1000E 01 0.0 0.0 0.0 3 16
17 18 19 24 24 1 17 0.10008 01 0.0 0.0 0.0 3 14
18 19 25 24 24 1 18 0.10002 01 0.0 0.0 0.0 3 14
19 20 21 27 26 1 19 0.1000¢ 01 0.0 0.0 0.0 3 16
20 21 22 28 27 1 20 0.10008 01 0.0 0.0 0.0 3 16
21 22 23 29 28 1 21 0.100C% 01 0.0 0.0 0.0 3 16
22 23 24 30 29 1 22 0.1009e 01 0.0 0.0 0.0 3 16
23 24 25 30 30 1 23 C.10008 01 0.0 0.0 0.0 3 14
24 25 31 30 30 1 24 0.10C0EB 01 0.0 0.0 0.0 3 14
25 kL] kX 26 26 1 25 o0.10¢ce 01 0.0 0.2500D 05 0.0 3 17
26 26 27 35 34 1 26 0.1000e 01 0.0 0.0 0.0 k) 19
27 27 28 36 35 1 27 0.1000E 01 0.0 0.0 0.0 3 19
28 28 29 37 35 1 28 0.1000g 01 0.0 0.0 0.0 3 19
29 29 30 38 37 1 29 G.1000B 01 0.0 0.0 0.0 3 18
30 30 n 38 kL) 1 30 0.1000% 01 cC.0 0.0 0.0 3 16
31 31 32 38 38 1 31 0.1000B 01 0.0 0.0 0.0 3 14
32 39 34 35 35 1 32 0.1000E 01 0.0 0.25000 05 0.0 3 11
33 35 36 40 39 1 33 0.1c008 01 0.9 0.0 0.0 3 1"
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34 36 37 81 40 1 34 0.10008 01 0.0 0.0 0.0 3
35 37 38 41 41 1 35 0.1900B 01 0.0 0.0 0.0 3
36 42 39 40 u9 1 36 0.1000E 0% 0.0 0.2500D 05 0.0 3
37 a0 41 82 82 1 37 0.10002 01 0.0 0.0 0.0 3
STRUCTURE STRUCTURE LOAD MULTIPLIERS
LOAD CASE A B C D
1 1.000 0.0 0.0 0.0
WODAL DISPLACEMENT/ROTATION CONSTRAIRTS
RODE LOAD/-===<ececasmcos R bbbl MAX.ALLOWABLE DISPLACEMENTS ARD ROTATIONS
NO. CASE DX pY D% RY RY RZ -DX -y
6 1 0.03310 0.0 0.0 0.0 0.0 0.0 -0.03410 0.0
32 1 0.0 0.03410 0.0 0.0 0.0 0.0 0.0 -0.03410
NODAL POINT LOADS
NODE LOAD APPLIED LOADS
NO. CASE RX RY RZ ux 1Y ¥4

TOTAL RUMBER OF EQUATIONS = T4
BANDWIDTH = 19
NUMBER OF EQUATIONS IN A BLOCK = u7
NONBER OF BLOCKS = 2

Eon®o
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KARAR A RERER AR EA AR AR AR RN

ANALYSIS OF DESIGN WUMBER 0
LA BRI LRI E LRI PRI E L F L)

WODAL DISPLACEMERTS AND ROTATIONS

NODE LOAD

42
41
u0
39
38
37
36
35
38
33
32
n
30
29
28
27
26
25
2n
23
22
21
20
19
18

17

1
1
1

1
1
1

1

1

1

1

-2.878E-08
-4.915e-03
0.0
1.088E-03
1.2132-03
6.326E-04
~4,9%42-03
-2.869E-03
0.0
4,052e-03
5.430e-03
5.867E-03
5.7378-03
5.960E-03
7.258E-03
1.4178-02
1.600E-02
1.559F-02
1.587e-02
1.595e-02
1.552e8-02
2,812e8-02
3.001E-02
2,657E-02

Y
B.646E-02
T7.0828-02
7.563E-02
8, 1348-02
6.7128-02
6.5818-02
6.412E-02
6.516-02
6.986E-02
6.421E-02
6.548E-02
6.414E-02
5.9662-02
5.2498-02
5.024E-02
b,721-02
4.696E-02
5.178E-02
4.1812-02
3.580E-02
3, 258E-02
2.,901E-02
2. 666E-02
2,849E-02
2,092E-02
2.108B-02

xx

0.0
0.0
0.0

YY

2z
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16
15
14
13
12
"

1 2.8378-02
1 2.964E-02
1 3.017E-02
1 3.897E-02
1 3.722E-02
1 3.597g-02
1 3.678E-02
1 3.712E-02
1 3.8838-02
1 3.884E-02
1 3.675E-02
1 3.7858-02
1 3.801E-02
1 3.868E-02
1 3.942E-02
1 3.9858-02

1.7018-02 0.0

1.2808-02 0.0

1.017E-02 0.0

1.2248-02 0.0

5.331E-03 0.0

8.326E-03 0.0

6.509E-03 0.0

5., 166E-03 0.0

3.305E-03 0.0

1.875E-03 0.0

9.0
0.0
0.0
0.0
0.

0
0.0

VYALUES OF DESIGN VARIABLES

0
10
20
30
40

1

2

0.5500E-01 0.5500E8-01
0.5500E-01 0.55002-01
0.5500r-01 0.55008-01

0.5500E-07 0.5500E-01

0,2145e-01 0.2145E-01

3

0.5500E-01
0.5500E-01
0.5500E-01
0.5500E-01
0.2105E-01

ANALYSIS OF TRUSS ELENWENTS, CONSTRN CODE=

BLEHENT X-SECT AREA

ANBWN -

0.2145g-01
0.21u45E-01
0.2185e-01
0.21458-01
0.21u5e-01
0.21458-01

LOAD CORD

-k b =

4

0.5500E-01
0.5500E-01
0.5500E-01
0.5500E~01

1

AXIAL FORCE

0.3369e
0,3113F
0.208RE
0.9733E
-0,59208
-0, 1065E

03
03
03
02
02
03

ANALYSIS OF MEMBRANE ELEMENTS, CONSTRN CODE=

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

5

0.5500E-01
0.5500E-01
0.5500E-01
0.5500E-01

6

0.5500E-01
0.5500E-01
0.5500E-01
0.5500E-01

7

0.5500E-01
0.5500E-01
0.5500E-01
0.55008-01

8

0.5500E-01
0.5500E-01
0.5500E-01
0.2145E-01

9

0.5500E~01
0.5500E-01
0.5500E-01

0.2145E-01 .

10

0.5500E-01
0.5500E-01
0.5500E-01
0.2145E-01
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SHEET LOAD

ELEBENT THICKENESS COND LOCATION

1 0.55002-01 1 CEN

2 0.5500E-01 1 CEN

3 0.55008-01. 1 CEW

8 0.55002-01 1 CEN

5 0.5500E-01 1 CEN

6 0.5500E-01 1 CEN

7 0.5500E-01 1 CEW

9 0.5500E-01 1 CEN

9 0.55002-01 1 CEN
10 '0.5500E-01 1 CEN
N 0.5500E-01 1 CEN
12 0.5500E-01 1 CEN
13 0.5500E-01 1 CEN
16 . 0.5500P-01. .1 CEN
15 0.5500E-01 1 CEN
16 0.5500E-01 1 CEN
17 0.5500E-01. 1 CER
.18 0.5500E-01 1 cEN .
19 0.55002-01 1 CEX
20 0.5500E-01 1 CEN
21 0.55002-01 1 CEN
22 0.5500E-01 1 CRN
23 0.55002-01 1 . CEN
28 0.5500E-01 1 CEN .
25 . 0.5500E-01 1 CEN
26 0.5500E-01 1 CEN
27 0.5500E-01 1 CEN
. 28 0.5500E-01 1 CEN
29 0.5500E-01 1 cEN
30 0.5500E-01 1 CEN
31 0.5500E-01 1 CEN
32 . 0.5500E-01% 1 CEN
33 0.55002-01 1 CEN.
34 0.5500E~01 1 CEN.
35 0.5500E-01 1 CEN
36 0.5500E-01 1 CEN
1 CEN

37 0.55002-01

LRSI A I 22 S I bttt ] atisy)

EVALDATION OF DESIGN NUMBER 0
AAERERERRRRERR SR RAKR RN K ARRER

STRESS RATIO LCAD COND
SAX 0.6282% 00 1
NIN 0.1818E 00 0
" WAX DISP RATIOS LOAD COND
0.1920£ 0 1 1
0.1078E 01 ) 1

UNIFORM SCALING OPERATION FOLLOWS

/=~-HENDRANE FORCES IN LOCAL COORDS~---//-~-MEN

DES VARIABLE

NXX

-0.1910F
0.2901E
0.7665E
0.1074E
0.163UE
0.4761F

~0.61452
0. 1403E
0.3486E
0.7451E
0.1216E
0.6502¢
0.1320E

-0.15278

-0, U969E
0.13128
0.6864E
0.26708
0.30978
0.7399e

-0.32728

-0.9936E

-0.1090E

-0.1199¢
0.3609E
0.4011E
0.1701E

-0.7756E

-0.7436E

-0.1750E

-0.2708E
0.6811E
0.1048E
0.5720E

-0.22928
0.1456E
0.1245E

39
1
EQN NUMBER
57
6

01
02
02
03
03
03
00
02
02
02
03
03
02
02
02
03
02
03
02
00
02
02
03
03
01
02
02
01
02
03
03
02

.03
02 .

02
03
03

NYY

0.1776E
0.2959E
0.0273E
0.5786F
0.7896E
0.U737E
0.2532F
C.3263¢
0.6193E
0.533ug
0.58098
0.0867E
0.3439E
0.3611E
0.3900E
0.2431E
0.3238E
0.6971E
0.3394E
0.3012E
.0.2869E
0.2579E
0.6321E
0.1277E
0,26ULE
0.2525%
0.2612E
0.2115E
0.1191E
~0.4039E
0.9388E
0.2565e
0.18868
0.1896EF
0.8165E
0.2220E
0.1555E

03
03
03
03
03
03
[k}
03
03
03
03
02
03
03

03

03
03
02
03
03
03
03
02
03
03

03

03
03
03
02
01
03
03
03
02
03
03

wxy

0.3921e
-0.1749E
-0.1916E
-0.1320E
0.2219E
-0.3588E
-0.1955E
-0.4935E
-0.7257¢E
-0.39328
0. 15658
.0.1061E
-0.6197E
-0.6122E
-0.6121E
~0.2283E
0.1873E
- 0.18B4E
-0.11178
-0.1100E
-0,7305€

~0.10038

0.8931E

0.1377E.

0.7217e
-0.8755E
-0.9821E
=~0.1143E
=0.7791E
0.1278E
0.6394E
. 0.3108E

~=0.1052E
-0.818B7E

~0.8095¢
0.1615E
~0.7986F

01
02
02
02
02
03
02
02
02
02
03
03
02
02
02
03
03
03
03
03
03
03
02
03
01
02
02
03
02
02
02

02 .

03
02
02
02
02

-0.19108
0.2901E
0.7665E
0.1078E
-0.16348
0.8761E
-0.6145E
0.1403EF
0.3uB6E
0.7851¢8
0.1216%
0.6502E
0.1320E
-0.1527E
-0.48969E
0.13128
0.6864E
0.2670E
0,3097E
0.73998
-0.3272E
~0.9936E
-0.1090E
-0.1199E
0.3609E
0.8011E
0.1701E
-0.7756¢
~0.7u368
-0.1750e
~-0.2708E
0.6411E
0.10u48E
0.5728E
-0.22922
0.14568
0.1245E

01
02

02
03.

03
03
00
02
02
02
03
03.
02
02
02
03
02
03.
02
00.

02

02
03

03.

01
02
02
01
02
03
03
02
03
02
02
03
03

0.17762 03

0.2959E-03 .

0.42738 03
0.5786EF 03

0.7496 . 03

0.4737F 03.
0.2532E 03.
.0.3263E 03.

0.u41938 03
0.53342.03
0.5809E 03
0.4867F.02
0.3u39E 03
0.3611F 03
0.3900E 03
0.24312 03
0.3238E 03
0.6971E 02
0.3394E 03
0.3012E 03
0.2869E.03
0.25798 03
0.6321% 02
0.1277E .03
..0.2688E.03
.0.2525%-03
0.26128.03
0.211SE.03
0.1191%-03
-0.4039F 02
0.9388E. 0.1
0.2565%E-03
0.18086F 03

0. 18962 03 .

0.8165E 02

-0.2220E 03 .

0. 15558 03

BRANE FORCES IN BATERIAL COORDS-/
AR} N12

0.3921e 01
-0.1749E 02
-0.1916E 02
~0.13248 02

0.2219E 02

-0.35808E .03

-0.1955E 02
-0.4935E .02 .

-0.7257¢ 02
~0.3932F 02
0.1565¢ 03
0.1061E 03
~0.6197E 02
~0.6122E.02

~0.6121E 02

~0..2283E 03
-0.1873E 03
0.1884EF 03
-0.11172 .03

~0.1100E 03

~0.13052 03
-0.10032.03
0.8931E 02
£.13772.03
0.7217F 01
~0.8755E. 02
~0.9821E,02
~0.1143E 03
~0.7791E. 02
. 0.127RE 02
0.6394E .02
.0.3108E 02
~0..1052P 03

-=-0.8187E 02
~=0.,8095P 02

0.1615E 02

.=0.7986¢ 02
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SCALE PACTOR IS 1.920AND DETERNINED BY DISPLACEMENT CONSTRAINTS
DESIGN VARIABLES OF SCALED (CRITICAL) DESIGR ARE

VALUBS OF DESIGN VARIABLES
1 2 3 4 5 6 7 8 9 10
0 0.1056E 00 0.1056E 00 O0,1056FE 00 0.1056E 00 0,.17056E 00 0.1056E 00 0,10568 00 O0,1056E 00 0.1056E 00 0.1056E 00
10 0.1056E 00 0.1056E 00 0,1056E 00 0.1056E 00 O.1056E 00 0.1056E 00 0,1056E 00 0.1056E 00 0.1056E 00 0.1056E 00
20 0.1056E 00 O0.1056E 00 0.1056FE 00 O0.1056E.00 0O.1056E 00 0.1056E 00 0.1056E 00 .0.1056E 00 0,1056E 00 O0.1056E 00

30 0.1056E 00 0.1056E 00 O0.1056E 00 00,1056 00 O0.1056E 00 0.1056E 00 0.1056E 00 O.4119E-01 O0.4119E-01 O.U119E-01
40 0.4t19B-01 O0.4119E-0% 0.4119E-01

STRUCTURAL WEIGHT= 0.8656E 00
REDESIGN OPERATION FOLLOWS

OPTIMALITY INDEX OF DESIGN VARIABLES FOR DISPT. CORSTRAINTS

DV NO ACT/PAS INDEX

1 ACT 0.79720E-01
2 ACT -0.16619E 00
3 ACT -0.72560E 00
[} ACT -0.163978 01
5 ACT -0.20648E 01
6 ACT -C. 38002E 01
7 ACT -0.16437E-01
8 ACT -0.30552e 00
9 ACT -0.76658E 00
10 ACT -0.13821 01
11 ACT -0.21025E 01
12 ACT -0.25827e 01
13 ACT -0.354928 00
14 ACT -0.87191E 00
15 ACT -0.73730E 00
16 ACT -0.958u8E 00
17 ACT -0.89794E 00
18 ACT -0.87708E 00
19 ACT -0.40820E 00
20 ACT -0.41774E 00
21 ACT -0.60980E 00
22 ACT -0. 71355k 00
23 ACT ~-0.22433E 00
24 ACT -0.587108 00
25 ACT -0.57062E-01
26 ACT -0.116588 00
27 ACT -C.27831E 00
28 ACT -0.34672E 00
29 ACT -0.24949F 00
30 ACT -0.57481€ 00
kR ACT -0.14073% 01
32 ACT ~C.59266E-01
kE] ACT -0.66906E-01

0Z°1°N



NO.

OF

34
35
36
37
38
39
(1]
a1
42
43

ACTIVE DISPLACENENT CONSTRAINTS ARE

ACT
ACT
ACT
ACT
ACT
ACT
ACT
ACT
ACT
ACT

0.22911E-01
0. 145B0E 00
~-0.10436E 00
0.81u51B-01
-0.43053E 01
-0.36766F 01
~-0.248018 01
-0.52199¢ 00
-0.952788-01
-0.51752E 00

1
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AMALYSIS OF DESIGN NUNBER 7
BERRSEEEARERN AR SRR A RSN EARE RN

NODAL DISPLACEMENTS AND ROTATIONS

WODE LOAD

62
a1
80
39
38
37
36
35
34
33
32
3
30
29
28
27
26
25
24
23
22
21
20
19
18
17

1

1

X
0.0
0.0
6.938E-03
1.155E~-02
0.0
6.467E-03
1.091E-02
2,521e-02
3.298E-02
4.162E-02
0.0
1.2112-03
9.910E-04
6.769E-03
1.320B-02
2.7728-02
4.175e-02
3.1698-03
3.788E~03
5.680E-03
9.415E-03
1.429E-02
1.607E-02
5.5378+03
6.412E-03

6.275E-03

Y
1.720e-01
7.554E8-02
1.118E-01
1.5A9E-01
3.5512-02
5.3292-02
5.856E-02
1.0218-01
1.581E-01
1.5808-01
3.4128-02
3.2u7E-02
2.859E-02
2.916B-02
3.8688-02
6.079£-02
8.868¥-02
2.337E-02
1.918E-02
2. 130E-02
2.953E-02
5.180E~02
5.951E-02
1.125E-02

9.095E-03

1.589E-02

XX

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Y

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

27
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16
15
19
13
12

w3 ® v O

1 6.253E-03
1 B.801E-03
1 1.076E-02
1 8.198£-03
1 8.7462-03
1 8.620£-03
1 8.6012-03
1 9,290E-03
1 1,206E-02
1 1.3522-02
1 1.120%-02
1 1.020B-02
1 9,182E-03
1 1.0872-02
1 1.241E2-02
1 1.382E-02

2,5412-02 0.0

2,804E-02 0.0

2.866E-02 0.0

4.357e-03 0.0

1.917e-03 0.0

4, 153p-03 0.0

6.,984E-03 0.0

7.420E-03 0.0

8.229E-03 0.0

7.559e-03 0.0

2.0
2.0

YALUES OF DESIGN VARIABLES

0
10
20
30
L1}

AWALYSIS OF TRUSS

1

2

0.1000E-01 0.1000E-01
0.1425¢ 00 0.41872 00
0.5905E-01 0.97868€-01
0.2400E 00 0.1218E-01
0.2891€-01 0.1000E-01

ELENERT X-SECT AREA

AV EWN -

0.2795E 00-
0.1590E 00
0.1047E 00
0.2891E-01
0.1000E-01
0.1000E-01

LOAD COND

1
1
1
1
1
1

0.0
0.0
0.0
0.0
0.0
0.0

3

0.1000E-01
0.10008-01
0,.2869E-01
0.1059E-01
0.1900E-91

ELENENTS, CONSTRN CODE=

AXIAL FO

0,1515E
0.8292E
0.5229E
0. 1199
0.11388E
-0.1322E

)

0.1000E-01
0.2338E-01
0.7350E-01
0. 1000E-01

1
RCE

04
013
03
03
02
c2

ANALISIS Oi NESBRAWE ELEMENTS, CONSTRN CODE=

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

5

0.5216E-01
0.6573e-01
0.13028-01
0.1000E-01

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

6

0.6354E 00
0.1121E 00
0.1000E-01
0. 1000E-01

7

0.1000E-01
0.1782E 00
0.16918-01
0.1000B-01

8

0.1000E-01
0.1563E 00
0.3153E-01
0.2795E 00

9

0.1039e-01
0.24u62-01
0.10008-01
0.1590E 00

10

0.8679E-01
0.3276E-01
0.1332E 0C
0. 10678 00
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SHEET LOAD /~-=-MENBRANE PORCES IN LOCAL COORDS=---//~<BENBRARE FORCES IN MATERIAL COORDS-~/

BLEMENT THICKNESS COND LOCATION NYX AYY NXY N11 . 22 R12

1 0.1000p-01 1 CEN -0.1081E 00 0.9865E 02 0.2051E 01 -0.1081E 00 0.9865E 02 0.205%1E 01
2 0.1000E-01 1 CEN 0.43238 01 0.9909E 02 -0,3600E 01 0.4328E 01 0.9909e 02 -0.3600E 01

3 0.1000E-01 1 CEN 0.13998 02 0.9641E 02 -0,3956E 01 0.1399e 02 0.9641E 02 -0.3956E 01
4 0.1000E-01 1 CEN 0.27408 02 0.85768 02 <~0.1237E 02 0.2740E 02 0.8576E 02 -0.1237E 02

5 0.5216E-01 1 CEN 0.6186€ 02 0.3209F 03 ~0.8390E 02 0.6186E 02 0.3209F 03 -0.B390F 02
6 0.6354E 00 1 CEN 0.2710E 04 0.1333E 04 ~-0.1574E 04 0.2710F 04 0.13338 04 -0.15T74E 04

7 0.1000E-01 1 CEN -0,2531E 01 0.1094E 03 -0,2911E 01 =-0.2531E 01 0.1094E 03 -0.2911E 01
8 0,1000E-01 1 CEN 0.55418 01 0.11028 03 ~0.1111E 02 0.5541E 01 0.1102E 03 -0,1111E 02
9 0.1039E-01 1 CEN 0.21C7E 02 0.8936E 02 -~-0,2723E 02 0.2107e 02 0.8936E 02 -0.2723E 02
10 0.8679E-01 1 CEN 0.9475E 02 0,4922e 03 -0,1979E 03 0.9475% 02 0.49228 03 -C,1979E 03
11 0.1425E 00 1 CER - 0.57428 02 0.7737E 03 ~0.4189E 01 0.5742eE 02 0.7737E 03 =-0.4189E 01
12 0.41878 00 1 CEN 0.21B4E Q4 0.3751E 03 0.6696E 03 0.2184F 04 0.3751E 03 0.6696E 03
13 0.1000E-01 1 CEN 0.8854E 01 0.1089g 03 -0,1601E 02 0.8854E 01 0.1089E 03 -0.1601E 02
14 0.2338E-01 1 CEN 0.1195B 02 0.1741E 03 -0.5163E 02 0.11958 02 0. 17412 03 -0.5163E 02
15 0.6573E-01 1 CEN 0.3846E 02 0.3u60r 03 -0.1532E 03 0.38u6E 02 0.3460E 03 <-0.1532p 03
16 0.1121€ 00 1 CEN 0.3760E 03 0.36108 03 -0,3335E 03 0.37608 03 0.3410E 03 -0.3335E 03
17 D.1782E 00 1 CER 0.8799E 02 0.8042E 03 0.3122E 03 0,87998 02 0.8042E 03 0.3122E 03
18 0.1663E 00 1 CEN 0.72C0F 03 0.1205E 03 0.3147 03 0.72008 03 0. 1205E 03 0.3147E 03
19 0.2646E-01 1 CEN 0.3091E 02 0.1823B 03 ~0.92C6E 02 0.3091E 02 0.1823E 03 -0,9206E 02
20 0.3276E-01 1 CENX 0.4868E 02 0.2036F 03 -0.1233E 03 0.4B86BE 02 0.2036F 03 <~0,12332 03
21 0.5905E-01 1 CEN 0.49308 02 0.3183E 03 =-0.1812E 03 0.4930E 02 0.3183E 03 -0.1812E 03
22 0.9786E-0 1 1 CEN -0.100SE 03 0.45948 03 -0.1462E 03 -0.1005E 03 0.459UE 03 -0.1462E 03
23 0.2869E-01 1 CEX -0.4218E 01 0.7226E 02 0.3576B 02 -0.4218E 01 0.72268 02 0.3576E 02
24 0.7350E-01 1 CEN 0.1031E 03 0.7802E 02 0.1297E 03 0.1031E 03 0.7802E 02 0.1297E 03
25 0.1302E-01 1 CER 0.1468E 00 0.2506E 03 0.29248E 00 0.1468E 00° 0.2506E 03 0.2924E 00
26 0.1000E-01 1 CEN 0.49702 02 0.1706E 03 -0,9502E 02 0.U970r 02 0.1706E 03 -0.9502E 02
27 0.1691E-01 1 CEN 0.7674E 02 0.2174g 03 -0.1512F 03 0.7674E 02 0.2174g 03 -0.1512E 03
28 0.3153g-01 1 CEN 0.6998E 02 0.3019E 03 -0.1605E 03 0.6998E 02 0.30192 03 -0.1605F 03
29 0.1000E-01 1 CEN 0.2uR3E 02 0.1044F 03 -0,.4359E 02 0.24838 02 0.1044E 03 -0,4359€ 02
30 0.13328 00 1 CEN -0.1498E 03 0.8623E 02 0.1194E 03 -0.1498E 03 0.8623E 02 0.1194€ 03
3t 0.2400E 00 1 CEN -0.2641E 03 0.2132E 03 0,2418E 03 -0.2641E 03 0.2132E 03 0.2418E 03
32 0.1218E-01 1 CER -0.13218 02 0.2951 03 ~0.3402E 01 -0.1321E 02 0.2951E 03 -0.3402E 01
33 0.1059E-01 1 CEN 0.1204E 03 0.14340E 03 -0.1329E 03 0.1244% 03 0.1440E 03 -0.1329€ 03
kL] 0.1000E-01 1 CEWN 0.7477E 02 0.1369E 03 -0,9206E 02 0.74778 02 0.1369E 03 -0.92u6E 02
35 0.1000E-01 1 CEN 0.5766E 02 0.1019e 03 -0.7796E 02 0.5766E 02 0.1019e 03 -0.7796E 02
36 0.1000E-01 1 CEN D.1810E C2 0.2264E 03 0. 1607E 02 0.1810E 02 0.226UE 03 0.1607E 02
37 0.1000E-01 1 CEN 0.1231E 03 0.1181E 03 -0,.1082E 03 0.12312 03 0.1181E 03 -0.1082E 03

AR AR R RS AR RN RARK R RE &

EVALUATION OF DESIGN NUNBER 7
REREEARRARN RS RAARRRRA RNk AR g

STRESS RATIO LOAD COND DES VARIABLE
MAK 0.1009E 01 1 33
MIN 0.8785E-01 1 30

HAX PISP RATIOS LOAD COND EQN NUMBER

0.10008 01 1 57
0.3285¢ 00 1 6

DESIGN IS CRITICAL
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STRUCTURAL WEIGHT= 0,2759%8 00

REDESIGN OPERATION FOLLOWS

OPTIAALITY INDEX OF DESIGN VARIABLES FOR DISPT.

RO.

DY

oF

NO ACT/PAS
1 PASS
2 PASS
3 PASS
L] PASS
5 ACT
6 ACT
7 PASS
9 PASS
Q PASS
10 ACT
11 ACT
12 ACT
13 PASS
" ACT
15 ACT
16 ACT
17 ACT
18 ACT
19 ACT
20 ACT
21 ACT
22 ACT
23 ACT
28 ACT
25 ACT
26 PASS
27 ACT
28 ACT
29 PASS
30 ACT
3 ACT
32 PASS
33 PASS
kL] PASS
35 PASS
36 PASS
37 PASS
38 ACT
39 ACT
a0 ACT
41 ACT
a2 PASS
43 PASS

ACTIVE DISPLACFENENT CONSTRAINTS ARE

INDEX

0.86669E
0.27509€E
0.202068
0. 10124E
-0.61372F
-0.111848¢8
0.31821%
0.213678
-0.73782E
-0.99731p
-0.911468
-0.10865E
-0, 628922
~-0.915578
-0. 103048
~0. 10167E
-0.99288¢8
-0, 10153E
-0.97199¢
-0, 102858
-0.992a4%
-0.99993F
-N.92391E
-0.98679E
-0.965318
-0.96643%
-0.966613F
-0.102638
0.241728
-0.10184E
-0.99558F
0.91837¢
0.58773E
0.17759¢
0. 126658
0.252238
0.38770¢
-0, 10281E
-0.93958¢E
-0.929398
-0.914856%

-0.30797E-

-0.27262E

00
01
00

1

CONSTRAINTS
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0.1.1

0. SHEAR PANEL ELEMENTS

0.1 Shear Lag Problem

Bars Shear panels

10k 7 D 7 o
=~ AT 73 s x

B ‘ gb tsn -
-~ - N
10k © E R H

5” 5” 10" 10” 15" 15” 20" 20”

Figure 0.1.1
vY

Shear Lag Problem

Figure 0.1.1 shows a composite tension member consisting of
bars and shear panels. The transverse bars, such as DE, carry no
stress; their sole function is to increase the buckling strength of
the skin. Consequently, only the shear panels and the longitudinal
bars have to be included in the finite element model of the structure.

:Thélmaterial properties of the structure are:
E =10 x 106 psi (Young's modulus),

0.3 (Poisson's ratio),

AY] =
0; = O; = 20,000 psi (allowable normal stress),
G; = 8,000 psi (allowable shear stress),

p = 0.1 1b/cu. in. | (specific weight).




0.1.2

Apart from stress limits, local buckling of the panels is not allowed,
and the following constraints are placed on the displacements at points

A, B and C:
u; = -0.05" (in the negative x-direction).

The shear panels are assumed to behave as simply supported plates
during buckling.

The design is started with

t = 0.1 in. (thickness of sheet),
AAF = ACH = 1 sq. in. (cross-sectional area of longitudinals
AF and CH),
ABG = 2 sq. in. (cross-sectional area of longitudinal BG),

and the following minimum size constraints are imposed:

t* = 0.01 in.,

* = .
AAF = ACH 0.1 sq. in.,
* .
ABG = 0.2 sq. in.

Symmetry considerations allow us to model only half of the
structure, as shown in Fig. 0.1.2. All elements are sized independently,
except for the two shear panels closest to the load, which are required
to have the same thickness. The design variable numbers are identified
in Fig. 0.1.3.

Two computer runs of the same problem were made. In the first

run o = 0.4 was used as the relaxation factor. Fourteen redesign
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cycles were required for convergence, which is an unusually large
number. The final design is given in Fig. 0.1.3, and the weight
history of the design procedufe in Fig. 0.1.4. The latter shows a
temporary weight increase between design Nos. 1 and 2 which, however,
.is too small to activate the cut-off criterion AW/W > . As in the
problem of Sec. M.1.1, the increase is due to a change in the active
constraints (displacement to stress).

The second run used o = 0.3 in an attempt to reduce the number
of redesigns by ove?—relaxation. This resulted in a much larger in—
crease of structural weight when the change in the active constraints
occurred, (see Fig. 0.1.4), which in turn caused a termination of the
design. The complete history of the second run is given in the computer
printout sheets.

This example illustrates that the activation of the cut-off
criterion based on weight increase does not necessarily mean that an
optimal design has been reached. In order to minimize the possibility
of a premature program termination, extensive over-relaxation should
be avoided in the first few design cycles, i.e., the first run should
use a '"nmormal" value of a (in this case 0.4 < o < 0.6). The results of
the initiallrun (optimality indicies, design variables and changes in
weight) can then be analyzed, and an appropriate change made in the

relaxation factor.

It is important to note that the relaxation factor influences
only displacement-constrained designs, since it is not used in the

stress ratio method. Consequently, a change in o after the second
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redesign would have very little effect on the design history of the
current problem.

It should also be mentioned that the minimum size constraints
play a major role in this example, despite the fact that only one
design variable (design variable No. 9 in Fig. 0.1.3) reaches the min-
imum value. It is easy to verify that if no size constraints exist,
the optimal design is obtained by the removal of all members with the
exception of the longitudinal members AF and CH, The half-weight
of the resulting structure (determined by the displacement constraint
at A) would be 20.0 1b., as compared to 21.38 1lb. for the desigﬁ in
Fig. 0.1.3.

Special notes on input-cutput:

1) Because buckling of the longitudinals was not considered, the
moments of inertia were left blank on the bar element data cards
(computer replaced the blanks by 106 in%).

2) Although Construction Code No. 1 was specified for the bar elements,
Code No. 2 would have served equally well, since the only difference
between the two codes lies in the evaluation of the Euler buckling
strength.

3) The dimensions of the shear panels (used in local buckling analysis)
were left blank on the data cards. Consequently, dimensions in
Processed Element Data were calculated by the computer.

4) KSCALE = 1 on Design Control Card indicates that uniform scaling is
exact for this problem, the size-stiffness relationship being

(1 = [k;1A;

for each element of the structure.



O Shear panel

L
C0:0: U ;0 ¢ U
© 1 © @ Q|
O ENORE

Finite Element Model for Lower Half of the Structure Showing Element and Node Numbers

Bar element ,,-Q-, Roller support
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Figure 0.1.2

0.100 0.119 0.213 0.324 0.431 0.526 0.589 0.612
9 10 11 12 13 14 15 16
AT AT Y I 27 B D 2 25 1 0 o 2 7 0 a0 BB 28 20 2 2 4 z B I S B 1P 27 2 Y W
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.02782 .02635 .02281 .01837 .01059
o o o i e e o o 0 2 o O 7 T B B s S 2 B 2 M S > 28 P 8 5 2 8 s 2 B o ot o 2200 20 P 2 9 09 2 B a2 2
1 2 3 4 5 6 7 8
1.983 1.907 1.812 1.702 1.595 1.500 1.437 1.407
C | Min. size constraint governs Weight & 21.38 1b.

Y7771 Displacement constraint governs

[] Stress (incl. local buckling) governs
Figure 0.1.3

Optimal Design from the First Run Showing Design Variable Numbers and Final Sizes
of Elements
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Structural Weight (1b.)

30

O Disnlacement-critical design

@ Stress-critical design

@ Stress & displacement-critical design
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B f\k~ Second Run (a = 0.3)

First Run (o = 0.4)

20 ] ] ] ] i ] ] | 1 ] ] 1 ] ]

Number of Critical Designs
Figure 0.1.4

Weight History of Shear Lag Problem. ©
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SHEARLAG PROBLEM - STRESS, LOCAL BUCKLING AND DISPLACEMENT CONSTRAINTS

NUMBER OF WODAL POINTS = 18
NOMBER OF ELENENT TYPES = 2
NOMBER OF LOAD CASES = 1
NUMBER OF DES. VARIABLES = 23
DESIGN CONTROL DATA

NCYCL = 15

KSCALE= 1

DELTA = 0.2500E-01

EPSIL = 0.1000E 00

KDISP = 1

OMEGA = 0.80000

ALPA = 0.30000
DESIGN VARIABLE INPUT DATA
DESIGN

VARIABLE INITIAL MIN ALLOWABLE
NUMBEPR VALUE VALOE

0,1000E 01 0. 10008 00
0.1000E 01 0.1000E 00
0.1000F 01 0.1000F 00
0.1000E 01 0.1000E 00
0.1000E 01 0. 1000E 00
0.1000E 01 0.1000E 00
0.10008 01 0. 1000E 00
0.,10008 01 0. 10008 00
0.1000E 01 0. 1000E 00
0.10008 01 0.1000E 00
0.1000E 01 0.1000E 00
0.10008 01 0. 1000E 00
0.1000E 01 0. 1000E 00
0.1000E 01 C.1000E 00
'0,1000E 01 0.10002 00
0.1000E 01 0. 1000E 00
0.1000E 00 0.10008-01
0,1000E 00 0. 1000E-01
0.1000E 00 0.1000E-01
0.1000E 00 0. 1000E-01
0.1000E 00 0.1000E-01
0.1000E 00 0.1000E-01
. 0.1000E 00 0. 1000E-01

PP QU QT QU g qur G Y
WONOAMEWN-SOQOQUOUONOTNFTWN =

NN
wN -

NODAL POINT INPUT DATA

NODE ROUNDARY CONDITION CODES  /===-=- NODAL POINT COORDINATES--w====- /

HUMBER X - Y Z XX Y 22 X Y 2 T
1 0 -1 -1 -1 =1 -1 0.000 -5.000 ¢.000 0 0.000
5 0 0 0 0 0 0 10,000 -5,000 0.000 2 0.000
9 0 0 0 0 0 0 30,000 -5.000 0.000 2 0.000
13 0 0 0 0 0 0 60.000 -5.000 0.000 2 0.000
17 1 0 0 0 0 0 100.000 -5.,000 . 0.000 2 0.000

Computer Printout for Second Run

8°'T°0



2
6
10
14
18

GENERATED NODAL DATA

NODE
NUMBEER

OOdDNE W=

10
"
12
13
14
15
16
17
18

EQUATION BUMBERS

WO EWN - E

-o000

BOUNDARY CONDITION CODES

X

-
QOO LU & WA -

-
-

12
13
il
15
16

0

0

-——_,OODODOO0DOODOOOOD

[~ N-E~-R-N=}

Y

~1
-1
-1
=1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

[-X-N-X-F-R-F_-N-W_¥-N-N- XN~ N~- - RN J

CODOoO

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

OC0OODOOOoODODOOODOoOOON

[=K-E-K-Na)

XX

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

==X - XN - N-X-F-N-F.-N-N-N- NN

[-N-Y-F-N-1

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

OO0 OOCOOOODOO

OO0

/=
2Z

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

0000 ODORDODOODOOOOOON

0.000
10.000
30.000
60.000

100.000

----- RODAL PCINT COORDINATES

X Y

0.000 -5.000
0.000 0.000
5.000 ~5.0C0
5.000 0.000
10.000 -5,000
10.000 0.000
20.000 -5.000
20.000 4.000
30,000 -5.000
3¢.000 0,000
45,000 ~5.,000
45.000 0.000
60,000 -5.000
60.000 0.000
80.000 =5.000
80.000 0.000
100.000 =-5,000
100.000 0.000

0.000
0.000
0.000
0.000
0.000

0.000
0.00C0
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
-0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

NN O

0.000
0.000
0.0C0
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000

6'1°0



NUNBER OF TRUSS ELEMENTS
CONSTRUCTION CODE

NUNBER OF MATERIALS
RUMBER OF TEMPS FOR WHICH MATL PROPS GIVEN=
NUSBER OF DIFFERENT GEONETRIES PROPS GIVEN=

MATERITAL PROPERTY CARDS

MATERTAL  NONBER  SPECIFIC
NUSBER OF TEMPS  WEIGHT TEND
1 1 0.1000E 00 0.0600E 00 0

GEOMETRIC PROPERTY CARDS

GEORETRY X-SECT /--MOMENTS OF INERTIA--~/
WOMBER AREA YYy ¥

1 0.1000D 01 0,1000E 07 0.1000F 07

BLEMENT LOAD MULTIPLIERS

A B
X-DIR 0.000000D 00 0,000000D 0O 0.00000
T-DIR 0.000000D 00  0.0C0000D 00 0.00000
Z-DIR 0.000000D 00 0.000000D 00 0.00000
TENP 0.000000p 00 0.000000D 00 0.00000

PROCESSED ELEMENT DATA

ELEMENT /-NODE NOS-/ /-<-ELENENT ID NOS-/
NUMBER I J MATL GEOMY D VAR
1 1 3 1 1 1

2 3 5 1 1 2

‘3 5 7 1 1 3

4 7 9 1 1 4

5 9 11 1 1 5

6 1" 13 1 1 6

7 13 15 1 1 7

8 -15 17 1 1 8

9 2 4 1 1 9

10 4 6 1 1 10

1 6 8 1 1 11

12 8 10 1 1 12

13 10 12 1 1 13

14 12 14 1 1 14

15 14 16 1 1 15

16 16 18 1 1 16

-k —h o ON

YOUNGS
MODULUS

.1000E 08

C

COEFFT OF /-~ALLOWABLE STRESSES--/
COMPRESSION

THERM EXPAN

TENSION

0.0000E 00 0.2000E 05 0,2000E 0S5

D

0p 00 0.000000D 0O
0p 00 0.000000D 00
0D 00 0.000000p0 00
0p 00 0.000000D 00O

LESIGY VAR
FRACTION

0.1000E 01
C.1000E 01
0.10002 01
0.1000E 01

0. 1000E 01

0.10008 01
0.10C0E 01
0.1000E 01
0.1000e 01
0.1000E 01
0. 10008 01
0.1000E 01
0. 10008 01
0.1000E 01
0.1000E 01
0.1000E 01

REFERENCE
TENP

0.0000D
0.0000D
0.0000D
0.0000D
0,0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D
0.0000D

END FIXITY COEPPICIENTS

Y

0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000p
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0,1000D
0.1000D

01
01
01
01
01
01
0
01
01
01
01
01
01
01
01
01

zZ

0.1000D
0.1006D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000p
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D
0.1000D

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
[\A]

BAND
WIDTH

- W W W e W W W W W

01°1°0



NUMBER OP SHEAR PANEL ELEMENTS = 8
CONSTRUCTION CODE = 1
RUMBER OF MATERIALS = 1
NUMBER OF TENPS FOR WHICH MNATL PROPS GIVEN= 1
MATERIAL PROPERTY CARDS
MATERIAL NUMBER SPECIFIC YOUNGS POTSSH ALLOWABLE
NUMBER OF TEMPS WEIGHT TEMP NODULOS RATIO SHEAR

1 1 0,1000E 00 0.0000E 00 0.1000E 08 0.3000E CG 0.B000F O

ELEMENT LOAD MOULTIPLIERS
A B C D

X-DIR 0.000000p 00 0.000000D 00 0.000000D 00 0.000000p 00
Y-DIR 0.000000D 00 0.000000D 00 0.000000D CO 0.0000000 00
2-DIR 0.000000D 00 0.000000D 00 0.000000Dp 00 0,000000D 00

PROCESSED ELEMENT DATA

ELEMENT ==we-== NODE NOS--~=---//--EL ID NOS-/ BOUND DES VAR /--EFFECT PANEL DIMNS--/ BAND
NUMBER I J K L MATL D VAR CODE FRACTION LONGER SHORTER VIDTH
1 1 3 4 2 1 1 1 0.1000r 01 0.5000D 01 0.5000D 01 4
2 3 5 6 4 1 17 1 0.1000E 01 0.5000p 01 0.5000D 01 4
3 5 7 8 6 1 18 1 0.1000E 01 0.1000D 02 0.5000D 01 4
4 7 9 10 8 1 19 1 0,.,1000E 01 0.1000D 02 0.5000D 01 ]
5 9 1 12 10 1 20 1 0.10C0E 01 0.1500D 02 0.5000D 01 L}
6 11 13 14 12 1 21 1 0,1000E 01 0.1500Dp 02 0.5000D 01 4
7 13 15 16 AL} 1 22 1 0.1000E 01 0.2000p 02 0.5000D 01 4
8 15 17 18 16 1 23 1 0,1000E 01 0.2000D 02 0.5000D 01 2
STRUCTURE STRUCTURE LOAD MULTIPLIERS
LOAD CASE A B Cc D
1 0.000 0.000 0.000 0.000
NODAL DISPLACEMENT/ROTATICN CCNSTRAINTS
NODE LOAD/===s~+-ecmccccrevmncanas bbbl et MAX.ALLOVABLE DISPLACEMENTS AND ROTATIONS=<====~= e e e a LR L LS D R L e /
NO. CASE DX DY 02 RX RY R2 -DX -DY -DZ -RX ~RY -R2

1 1 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 -0.05000 0.00000 0.00000 0.00000 0.00000 0.00000
2 1 0,00000 0.00000 0.00000 0.00000 0.00000 0.00000 -0.05000 0.00000 0.00000 0.00000 0.00000 0.00000

NODAL POINT LOADS

NODE LOAD APPLIED LOALS
NO, CASE RX RY R2Z MX My Kz
1 1 -0.1008 05 0.000E 00 0.000E 00 0.000E 00 0.000E 00 0.000E 00

TOTAL NUMBER OF EQUATIONS = 16

IT°'1°0



BANDWIDTH
NUMBER OF EQUATIONS IN A BLOC
NUMBER OF RLOCKS . -
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AT RIS e 2R A2 R A2 LR R L]

ANALYSIS OF DESIGN NOMBER 0
RAERRRRRERR BB ERER AR SRR RR AR KR

NODAL DISPLACEMENTS AND ROTATIONS

NODE LOAD

18
17
16
15
14
13
12
LR
10

YALUES

0
10
20

1
1
1

oF

0.
0.
0.

X
0.000E-01
0.000B-01

-1.000E-02
-1.000E-02
~2.000E-02
-2.000E-02
-2.750E-02
-2.750E-02
-3.494E-02
-3.506E-02
~3.974E~02
-4,026E-02
-4,388E-02
-4.6128-02
-4,.538E-02
-4,962E-02
-4.597e-02

-5.403E-02

DESIGN VARIABLES

1

10002 0t 0.1000E 01
1000E 01 O0.1000E 01

2

Y Z XX Y
0,000E-01 0.000E-01 0.0000E-01 0,0000E-01
0.0002-01 0.000E-01 0.0000E-0% 0.0000E-01
0.000E-01 0,000E~-01 0.0000E-01 O0.0000E-01
0.000E-01 ¢.000E-01 0.0000B-01 0.0000E-01
0.0002-01 0.000E-01 0.0000E-01 0.0000E-01
0.000E-01 C.0008-01 0.0000B-0% 0.0000E-01
0,000E-01 0.000E-01 0,0000E-01 0.0000E-01
0.000E-01 0.000e-01 0.0000E-01 0,0000E-01
0.000E-01 0,0002-01 0.0000E~01 O0.0000E-01
0.000E-01 0.000E-01 0.0000B-01 0.0000E-01
0.000E-01 0.000E-01 0.0000E-01 0.0000E-01
0.0008-01 0.000B-01 0.0000E-01 0.0000E-01
0.0008-01 0.000E-01 0.0000B-01 0.0000E-01
0.000E-01 0.000E-01 0.0000E-01 0.0000E-01
0.000E-01 0.000E~-01 0.0000E~0%" 0.0000E-01
0.0002-01 0.000E-01  0.0000E-01 0.0000E-01
0.000E-01 0.000e-01 0.,0000E-0% 0.0000E-01
0.000E-01 0.000E-01 0.0000E-0t O0.0000E~01

3 4 5
0.1000E 01 0,1000E 01 0,.1000E 01
0.1000E 01 0.1000E 01 0.1000E 01

10008 00 O0,.1000r 00 0.1000B 00

ANALYSIS OP TRUSS ELEMENTS, CONSTRN CODE= 1

BLESENT X-SECT AREA LOAD COMD

AXIAL FORCE

22
0.0000E-01
0.0000E-~01
0.0000E-01
0.0000E~01
0.0000E-01
0.0000E~01
0.0000E~01
0.0000E-01
0.0000E-01
0.0000E-01
0.0000E-01
0.0000E-01
0.0000E-01
0.0C00E-01
0.0000E-01
0.0000E-01
0.0000E-01
0.0000E-01

6 7 8

0.1000E ©1 O0.1000E 0! 0.1000E 01
0.1000E 01 0.1000E 00 0.7000E 00

9 10

0.1000E 01 0.1C00E 01
0.1000E 00 0.1000E 00
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1 0.10C0E 01 1 0.8817E 04
2 0.1000E 01 1 0.7010E 08
3 0.1000E 01 1 0.5856E Cu
u: 0.1000E 01 1 0.5201E Cu4
5 0.1000E 01 1 0.50402 Ou
6 0,1000E 01 1 0.50C2E 04
7 0.1000E 01 1 0.50C00E 04
8 0.1000E 01 1 0.5000E 04
9 0.1000E 01 1 0.1183E 04
10 0.1000E 01 1 0.2990E 04
11 0.1000E 01 1 0.4TULE O
12 0.1000E 01 1 0.4799E (4
13 0.1000E 01 1 0.4961E 04
14 0.1000E 01 1 0.4999E 04
15 0.1000E 01 1 0.5000E 04
16 0.1000E 01 1 0.5000E 04

ANALYSIS OF SHEAR PANELS, CONSTBN CODE= 1

0.4734E
0.2493E
0.1062E
0.2489E
0.4897E
0.1767E

0.5175E-

03
03
03
02
01
00
02
03

LOAD Je==ec-cceoaaa= SHEAR PLOW AT NODES-=-=-====-o=-=-
ELEMENT THICKMNESS CORD I J K
1 0.1000E 00 1 0.4734E 03 O0.4734E 03 0.4734E 03
2 0. 1000E 00 1 0.2493E 03 0.2493E 03 0.2493E 03
3 0.1000E €O 1 0.1062F 03 0.1062E 03 0.17062E 03
[} 0.1000E 00 1 0.2489E 02 0,24898 02 0,2u4898 02
5 0.1000E 00 1 0.4897E 01 0,.4897E 01 0.4897E 01
6 0.1000E 00 1 0.1767E 00 0.1767F 00 0.1767E 00
7 0.1000E 00 1 0.51758-02 0.5175e-02 0.5175E-02
8 0.1000E 00 1 -0.7823P-03 -0.7823E-03 -0.7823E-03

BN NEER R RRR AR Rk RR R KRR R SRk

EVALUATION OF DESIGN NUMBER 0
BEABERARRRRAARSERARRRNRREE A hRR S

) STRESS RATIO LOAD COND DES VARIABLE

MAX 0.5917¢ 00 1 17
aIn 0,1000E 00 0 21

BAX DISP RATIOS LOAD COND EQN NUMBER

~0.9194E 00 1 2

-0,10812 01 1 1
UNIFORM SCALING OPERATION POLLOWS
SCALE FACTOR IS 1,081AND DETERNMINED BY DISFLACEMENT CONSTRAINTS

DESIGN VARIABLES OF SCALED (CRITICAL) DESIGN ARE

VALUES OF DESIGEN VARIABLES
1 2 3 4 5

-0.7823E-

AVERAGE

SHEAR FLOW

0.4734E
0.2093E
0.10628
0.24898
0.4897E
0.1767E

0.5175E-
-0.7823e-

03
03
03
02
01
00
02
03

10
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0 0.1081E 01 0,1081E 01 0,1C81F 01 0.,1081F 61 0.10818 01 O0.1081E 01 0.1C81E 01 0, 1081E 01 0.1081E C1 0.1G81E 01
10 0.1081E 01 0.1081F 01 0,1081E 01 0.1C81E 0t O0.1G81E 01 0.1081F 01 0.1081E 00 0.1081E 00 0.1081E 00 0.1081E 00
20 0,1081E 00 0.1081E 00 0.1081E 00 '

STRUCTURAL WEIGHT= 0.2702E 02
REDESIGN OPERATION FOLLOWS

OPTIMALITY INDEX OF DESIGN VARIABLES. FOR DISPIT. CONSTRAINTS

DV NO ACT/PAS INDEX

1 ACT -0.255318 01
2 ACT -0.16140B 01
3 ACT -0.11263% 01
[ ACT -0.88839E 00
5 ACT -0.83420EF 00
6 ACT -0.82166E 00
7 ACT -0,82121E 00
8 ACT -0.821208 00
9 ACT -0.46002E-01
10 ACT -0.,29367E 00
11 ACT -0.56410€ 00
12 ACT -0.75659E 00
13 ACT -0,808268 00
14 ACT -0.82072E 00
15 ACT ~0.82118E 00
16 ACT -0.821208 00
17 ACT -0, 122228 01
18 ACT -0.96234R-01
19 ACT -0.52886E-02
20 ACT -0.20469E-03
21 ACT -0, 26384E-06
22 ACT -0.19791B-09
23 ACT -0.56011E-11
NO. OF ACTIVE DISPLACEMENT CONSTRAINTS ARE 1

STI'I°0



EXRRRRRRREREE R R AR R RSN
ANALYSIS OF DESIGN NOMBER 1

RERREABERARRE SR RS R RR AR RRRE

NODAL DISPLACEMENTS AND ROTATIONS

NODE LOAD X X Z XX YY 7z
18 1 0.000E-01 0.000E-01 0.000E-01 0.0000E-01" 0.0000E-01 0,0000E-01
17 1 0.000E-01 0.000r-01_ 0.000E-01 0.0000E-01 O0.0000E-01 0.0000E-01
16 1 -1.057e-02 0.000E~-01 0.000g~01 0.0000E-01 0©.0000E-01 0.00COE-01
15 1 -1.059e-02 0.000E-01 6.000E-01 0.0000B-0t C.0000E-01 0.C000E-0Ot
i) 1 -2.109E-02 0.000E-01 0.000E-01 0.0000E-01 0,0000E~0t 0.0000E-01
13 1 <2,123e-02 0.000E-01 0.0002-01 0.0000B-01 0,0000E-01 0.0000E-01
12 1 -2.8858-02 0.000E-01 0.000F-01 0,0000E~-01 0.0000E-0% 0.0000E-01
1 1 -2,932E-02 0.0008-01 0.000E-01 0.0000E-01 0.0000E-0% O0.00CO0E-01
10 1 -3.63u4e-02 0.000E-01 0.0C0E-01 0.0000E-01 0.0000E-01 0,0000E-01
9 1 -3.770B-02 0.000E-01 0.000E-01 0,0000E-01 O0,0000E-01 0.0000E-01
8 1 -4,109E-02 0.000E-01 0.000e-01 0.0000E-01 0.0000E-01 0.0000E-01
7 1 -4.346BE-02 0.000E-01 6.0008-01 0.00002-01 0.0000E-01 0.0000E-01
6 1 -4.590E-02 0.000E-01 0.000E-0% 0.0000E-01 0.0000E-01 0.0000E-01
5 1 -4.889E-02 0.000B-01 0.000E~-01' 0,0000E~01 0,0000E-0! 0,0000E-01
4 1 -4,815B-02 0.000E-01 0.000E-01 0,0000E-01 O0.0000E-01 0.0000E~01
3 1 =5.133E-02 0.000B-01 0.000E-01 0.0000E-01 0.0000E-01 0.,0000E-01
2 1 -4.935e-02 0.000E-01 0.0008-01 0.0000E-01 0.0000E-01 0.0000E-O1

1 1 -5,336E-02 0.000E-01 0.000E-01 0.0000E-0%1 0.0000E-01 0.0000E-01

1 VALUES OF DESIGN VARIABLES

i 1 2 3 4 5 6 7 L} 9 10
0 0,2256B 01 0.1545E 01 0.11768 01 0.9962E 00 0.9552E 00 O0.9457E 00 0.94SUE 00 O,9454E 00 0.3590E 00 O0,5463E 00
10 0.7509E 06 0.8965E 00 0.,9356E €0 0.9450E 00 0.9454E 00 O,.9454E 00 0.1249E 00 0.3970E-01 0.3282E-01 0.3243E-01
20 0.3242E-01 0,32428-01 0.3242E-01
ANALYSIS OF TRUSS ELEMENTS, CONSTRN CODE= 1

ELEMENT X~SECT AREA LOAD COND AXIAL FORCE

91°1°0



1 0.2256E 01 1 0.9138E 04
2 0.1545E 01 1 0.7536E 0Ou
3 0.1176E €1 1 0.6386E 04
4 0.9962E 00 1 0.5741E 04
5 0.9552E 00 1 0.5334E 04
6 0.9457E 00 1 0.5105E 04
7 0,9454E 00 1 0.502BE 04
8 0.9454E 00 1 0.5005E 04
9 0.3590E 00 1 0.8616E 03
10 0.5463E 00 1 0.2U64E 04
1" 0.7509E 00 1 0.3614E 04
12 0.8965E 00 1 0. 42592 G4
13 0.9356E 00 1 0.4667E 04
L] 0.9450E 00 1 0.489SE 04
15 0.9454E Q0 1 0.4972E 04
16 0.94548 00 1 0.4995E 04

ANALYSIS OF SHEAR PANBLS, CONSTHN CODE= 1

0.3447E

0.2962E

0.8192E
0.4717E
0.2284F
0.7594E
0.2023E

03
03
02
02
02
01
01

LOAD /ee=r-=wemonmce- SHEAR FLOW AT NODES~-=====-==---
ELEMENT THICKNESS COND I J K
1 0.1249E 00 1 0.3447FE 03 0.3u478 03 0.34478 03
2 0. 1249E 00 1 0.2962E 03 0.2962E 03 0.2962E 03
3 0.3970E-01 1 0.8192E 02 0.8192E 02 0.8192E 02
4 0.3282E-01 1 0.4717E 02 O 4717 02 O0,4717E 02
5 0.3243E-01 1 0.2284E 02 0.2284E 02 0.2284E 02
6 0.3242E-01 1 0.7594E 01 0.7594E 01 0.7594E 01
7 0.3242E-01 1 0.2023E 01 0.2023E 01 0.2023E 01
8 0.3242E-01 1 0.2719E 00 0.2719E 00 0.2719 00

Gl 2 RS2 P22 P22 R 2l L Es ]

EVALUATION OF DESIGN NOMBER 1
AR RNk kR R RN

STRESS RATIO LOAD CORD DES VARIABLE
MAX 0.8387E 00 1 . 19
MIN 0.2026E 00 1 1
MAX DISP RATIOS LOAD CON¥D EQN NUMBER
-0.9871E 00 1 2
-0.1067E 01 1 1
UNIFORHM SCALING OPERATION FOLLORS

SCALE PACTOR IS 1.067AND DETERNINED BY DISELACEMENT CONSTRAINTS

DESIGN VARIABLES OF SCALED (CRITICAL) DESIGN ARE

VALUES OF DESIGN VARIABLES

0.2719E

00

AVERAGE

SHEAR FLOW

0.3447E
0.2962E
0.B192E
0.4717E
0.2284E
0.7594€
0.2023E
0.2719E

03
03
02
02
02
01
01
oc

10
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0
10
20

0,2607E 01
0.8013 00
0.3460E-01

STRUCTORAL WEIGHT=

0.1649E 01
0.3460E-01

0.2297¢ 02

REDESIGN OPERATION FOLLOWS

0.1255¢ Ct

0.1063E 01 0.1019E 01
0.95672 00 0.9984E 00 9.10C8E 01 0.1009E 01
0.3460E-01

OPTIMALITY INDEX OF DESIGN VARIABLES FOR DISP1.

NO.

DY

OF

HO ACT/PAS
1 ACT
2 ACT
3 ACT
4 ACT
5 ACT
6 ACcT
7 ACT
8 ACT
9 AcT
10 ACT

1 ACT
12 ACT

13 ACT
14 ACT

15 ACT
16 ACT

17 AcT
18 PASS

19 PASS

20 PASS

21 PASS

22 ACT

23 ACT

ACTIVE DISPLACEMENT CONSTRAINTS

INDEX

-0.60uU37F
-0.87594E
-0, 108542
-0.12226E
-0.11479E
-0.10730E
-0. 104158
-0.103208
-0.212108
-0.74871E
-0.85274¢€
-0.83105E
-0.91594¢E
-0.98775E
-0.10184¢E
-0.10278E
-0.63386E
-0.407668
-0.19774E

00

~0.47487E-01

-0.52532E
~0.372778
-0,67353E

=02
-03
-05

ARE

1

CONSTRAINTS

0. 1009 01
C¢.1009E 01

0.1009E 01
0.1333E 00

0.1009% M1
0.4236E-01

0.3831E 00 0.58302 00

0. 3502E-01

0.3461E-01

81°1°0
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ANALYSIS OF DESIGN NUMBER 2
ERREER R R R R R R R AN

'NODAL DISPLACENENTS AND ROTATIONS

HODE LOAD X Y z XX Yy
18 1 0.000E-01 0.000E-01 0.000E-01 0.0000E-01 0.0000E-01
17 1 0.000E-01 0.000E~01 0.000E-0t O0.0000E-01 0,0000F-01
16 1 -9.,511E-03 0.000E-01 0.000E-01 0.0000E-01 0.0000E-C1
15 1 -9.907E-03 0.000E-01 0.000E-C1 0,0000E~01 0.0000E-01
14 1 -1.895E-02 0.000E~01 0.000E-01 0.0CO0CE-01 0.0000E-01
13 1 -1.988E-02 0.000E-01 0.0008-61 0.0000B~-01 0.0000E-01
12 1 -2.594g-02 0.000E~0% 0.000E-Ct 0.0000E-01 0.0000E-01
11 1 -2,743E-02 0.000E-01 C.000E-01 0.0000E-01 0.0000E-01,
10 1 -3.284E-02 0.000E-01 0.000E-01 0.0000E~0% 0.0000E-01

9 1 -3.501E-02 0.000E-01 0.000B-01 0.0000E-0? 0.0000F-01
8 1 -3.738E-02 0.000E-01 0.000E-0t 0.0000E-C1 0.,0000E-01
7 1 -4.003E-02 0.000E-01 0.0008-C1 0.0000E-01 0.0000E-01
6 1 -4,183E-02 0.000E-01 0.000E-01 0.0000E-01 0.0000E-01
5 1 -4.514B-02 0.000E-01 0.000E-01 0,.0000E-01 0.0000E-01
4 1 -4.408E-02 0.000E-01 0.000E-01 0.0000E-01 0.0000E~01
3 1 -4.775E-02 0.000B-01 0.000E-01 0.0000E-01 0.0000E-01
2 1 -4,625E-02 0.000E-01 0.000E-01 0.0000E~01 0.0000E-01
1 t -5.0U0B-02 0.000E-01 0.0QCE-CY 0.0000E-01 0.0000E-01
VALUES OF DESIGN VARIABLES
1 2 3 ] 5
0 0.1740E 01 0.1506E 01 0.71330E 01 0,1229E 01 0,1125E 01
10 0.7187E 00 0.8435E 00 0,9396E 0C 0.9998F 00 0.1022F 01
20 0.1536B-01 0.1039E-01 0, 1038P-01
ANALYSIS OF TRUSS ELEMENTS, CONSTRN CODE= 1
ELEMENT X~SECT AREA LOAD COND AXIAL FORCE

27
0.0000E-01
0.0000E-01
0.0000E~01
0.0000E-01
0.0000E-01
0.0000E-01
0.0000E~01
0.0000E-01
0.000CE-01
0.0000R-01
0.0000E~-01
0.0000E~01
0.0000E-01
0.0000E-01
0.0000F-01
0.0000E-01
0.0000E-01

0.0000E-01

6 7

0.1061E C1 0.1038E 01
0.1028E 01 0.9910E-01

0.1031E 01
0.3293E-01

9

0.1718E 00
0.2739E-01

10

0.4805E 00
0.2218E-01
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1 0.1740E 01 1 0.92548 C4
2 0.1506E 01 1 0, 7843E 04
3 0.1330E 01 1 0.6RP00E 04
4 0.12298 01 1 0.6169E 04
5 0.1125E 01 1 0.5681E Cu4
6 0.1061E 01 1 0.5339E G4
7 0.1038E 01 1 0.5178E Cu
8 0.1031E 01 1 0.5109E C4
9 0.1718E 00 1 0.74598 C3
10 0.4805E 00 1 0.2157E C4
1 0.7187e 00 1 0.32C0E 04
12 0.84358 00 1 0.3831E (4
13 0.9396E 00 1 0.4319e C4
14 0.9998E 00 1 0. 4661E 04
15 0.1022E 01 1 0.4822E 04
t6 0.1028E 01 1 0.49891E 04

ANALYSIS OF SEEAR PANELS, CONSTEN CODE= 1

LOAD /==ee-cc=coe—ea SHEAR FLOW AT NODES--==-=-==-===- / AVERAGE
ELERERT  THICKNESS COND I J K . L SHEAR FLOW
1 0.9910E-01 1 0.2984E 03 0,2984E 03 0,2984E 03 0,29B84E 03 0.29B4E 03
2 0.9910E-01 1 0.2661E 03 0.2661E 03 0.2661E 03 0.2661E €3 0.2661E 03
3 0.3293E-01 1 0.7548E 02 0.75u8E 02 0.7548E 02 O0.7S548E 02 0.75UBE 02
4 0,2739E-01 1 0.5C792 02 0.5079E 02 0.5079E 02 0.5079E 02 0.5079% 02
5 0.2218E~01 1 0.3124E 02 0.3124E 02 0.3124B 02 0.3124E 02 0.3124E 02
6 0.1536E-01 1 0.1u338 02 O0.7u33E 02 0.1433E 02 O0.1433E 02 O0.1433E 02
7 0.1039E-01 1 0,5316E 01 0.5316E 01 0.5316E 01 0.5316E 01 0.5316E 01
8 0.1038E-01 1 0.1581E 01 0.1581E 01 0.1581E 01 O.1581E 01 0.1581E 01

AEERRABBERRSRRERERPRRR SRR ARk

EVALUATION OF DESIGN NOUMBER 2
ERERE KRR REERERIRERRARINRK G R A

STRESS RATIO LOAD COND DES VARIABLE

MAX 0.1328E 01 1 22
MIN 0.2226E 00 1 11

HAX DISP RATIOS LOAD COND EQN MNOMBER

~0.9249€ 00 1 2

-0.1008E 01 1 1
UNIPORNM SCALING OPERATION POLLONS
SCALE FRCTOR IS 1.328AND DETERMINED BY STRESS CONSTRAINTS

DESIGK YARIABLES OF SCALED (CRITICAL) DESIGN ARE

VALUES OF DESIGN VARIABLES
1 2 3 q

n
=2
-4
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0 0.2311E 01 0.2000E 01 O0.7767E 01 O0.1632F 01 0.14948 01 O0.1409E 01 0,1379E 01 0,1370E 01 (C.2282F 00 0.6381E 00
10 0.9546E 00 0.71120E 01 0.17124BE 01 0.1328E 0% O0.1357E 01 0.1366E 01 0.1316E 00 0.4373E~-01 0.3638E~01 0.2946E-01
20 0,2040E-01 0.1380R-01 0.1378E-01

STROCTURAL WEIGHT= 0.2893E 02

REDESIGN OPERATION POLLOWS
TERMINAL DESIGN-~-LIGHTEST CRITICAL DESIGN IS DESIGN NUMBER 1

12°1°0



P.1.1

P. PLATE ELEMENTS

P.1 Square Plate with Clamped Edges - Problem 1

y
20" .

We consider a square, clamped plate
2,/////////[///(/<; subjected to a uniform normal pressure of
/)

2 ! g 16 psi. Multiple symmetries permit us to

7 “

f - B - 4 ' treat only one-eighth of the plate as in-

7 [/ 20!

7 2 dicated in Fig. P.1.1; the finite element

7 % .

2 x mesh employed in the design is shown in
I

A c Fig. P.1.2. The clamped boundary conditions

Figure P.1.1 on AC and the symmetry requirements on BC

Uniformly Loaded Plate are imposed by the appropriate motion

(Shaded region is modelled

by finite elements) code on Nodal Point Data cards, but

Boundary Elements must be used to enforce
the symmetry condition (vanishing slope) on
the skewed 1ine AB.

The data used in the design is

E = 10.5 x 106 psi (Young's_modulus)_
v = 0.3 (Poisson's ratio)
o* = OZ = 12,000 psi (Allowable stresses)
p = 0.1 1b/cu. in. (Specific weight)
u; = 0.1 in. atlcenfer of plate (allowable displacement).

Rotational springs are used for the boundary elements with a spring

constant of 2 x 106 in. 1b/rad. each. This value is r6ugh1y 100-times




.1.2
21
(:::) Plate Elements
] 15
Boundary Elements
_ ) 19 20
4
DHO
3 16 17 18
DHEONO
2 12 13 14 15
y
| Y)RONRONO.
7 8 9 10 11
JEONONOKC
1 2 4 g 6

Figure P.1.2

Finite Element Mesh Showing Element and Node Numbers

higher than the corresponding stiffness k = M/9 (see Fig. P.1.3).of
a typical element in the initial design. As most elements bécome

thinner during redesign, the

2" ' boundary elements become rela-
tively stiffer and more effective
in enforcing the symmetry con-

dition on AB.

VIR IINIIIIIFIIIIIIINI IS

The initial design is a uni-

form plate of thickness 0.3 in.

No minimum size constraints were em-

Figure P.1.3 ployed in the design.

All plate ele-
Computation of Rotational

Stiffness of a Plate Element,. ments were sized independently.




P.1.3

Table P.1.1 shows that the first four redesigns were completely
governed by the displacement constraint. It is very likely this
portion of the design could be speeded up by over-relaxation (the
"normal' value of the reléxation factor, @ = 0.75, was used). From
the fifth design onwards, an increasing number of stress constraints
become active, and slow down the convergence. In fact, an increase
in weight occurs in design No. 7, which is not overcome in the next
two redesign cycles. The use of over-relaxation would be ineffective
in this case due to the presence of stress constraints.

Slow convergence is not uncommon in design problems where a
gradual change occurs in the critical constraints. It is seldom
practical to run such problems until the optimality criteria are
reached. It hus been our experience, however, that the structural
weight does not decrease much after the first 4-6 redesigns, althoﬁgh
the design variables may change considerably. In this particular pro-
blem, for example, we would not hesitate to adopt design No. 6 as the

final design.

Special notes on input-output:

1) The normal pressure was specified on the element cards, not as nodal
point loads (see Thin Plate/Shell Element Data).

2) Since the stiffness matrix of each plate element has the form
[Ki] = [ki]A3 (A is the plate thickness), uniform scaling was de-
clared to be an exact operation by the use of KSCALE = 3 (see
Design Control Data). The scaling factor is actually a little in
error due to the presence of the boundary elements with finite

stiffness constants.



P.1.4

3) The isotropic von Mises yield criterion was'empldyed for stress

constraints. By leaving the allowable shear stress 0; blank on

the material property cards, 0; = UE/VE was used in the design

(see Material Property Table).




Critical, Scaled Designs (thickness in inches)
Element
0 1 2 3 4 5 6 7 8 9
1 .3225 2446 .1852 L1399 .1054  .0792 .0595  .0500  .0449 .0393
2 .3225 .2562 .2024  .1579 .1214  .0923 .0696 .0586 .0512  .0438
3 .3225  .2826  .2471 .2102 .1719 .1360 .1052 L1096  .1282 .1468
4 . 3225 .3183  .3223  .3182 .2986  .2680  .2305 .2315 .2280  .2140
5 .3225  .3445 . 3894 .4350 .4673  .4954 5212 .60E9 .6457  .6381
6 .3225 .2603  .2091 .1658  .1285 .0973 .0723 .0708 .0764 .0779
7 .3225  .2637 .2176 .1820 .1504 .1205 .0939  .0803 .0705  .0605
8 .3225 ,2611 .2199 .2010 .1889 L1709 .1462 .1329 .1191 .1032
9 . 3225 .2571 .2211 .2232 .2482 .2810 .3162  .3882 .4201 .4197
10 . 3225 .2637  .2197 .1899 .1686  .1488  .1287 .1321 L1376  .1347
11 . 3225 .2673 .2235 .2027 . .1890 .1716  .1497  .1455 .1454 1425
12 .3225  .2626 .2210 .2057  .2023 .1938 .1778 .1801 .1808 .1742
13 .3225 .2880 .2857 .2960 .2933 .2785 .2566  .2608 .2575  .2433
14 . 3225 .3185  .3361 . 3575 .3581 .3437  .3212 .3326  .3332 .3191
15 .3225 .4226 .4889 .5130  .5055  .4816 .4499  ,4679  .4706  .4519
Wt.(1b.)| .01612 .01427 .01318 .01258 .01199 .01126 .01046 .01104 .01126 .01094

Table P.1.1
Design History of Element Thicknesses and Total Structural Weight

(Underlined thicknesses are governed by stress constraints.)
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05000 123456789A12345678961234567509¢C 1234567890 1234567895 123456759F 123456789G1234567890

05050 CLANPED SQUARL PLATE —= STRUSKE A ND DISP, CORSTRAINTS

05100 21 2 1 15

05150 10 3 0.025 0.1 t 1 1 6.8 0.75

05200 15 0.3

05250 { -1 -1 ~1 -1 1 -1

05300 2 2.0

05350 6 1 1 1 10. i

05400 7 2.0 2.0

05450 11 1 10. 2.0 1

05500 12 4.0 4.0

05550 15 1 10. 4.0 1

us600 16 6.0 6.0

05650 18 Tl 10, 6.0 1

05700 1] 8.0 8.0

05750 20 1 10, 8.0

05800 21 1 10. 10.

05850 6 15 1 1 1

05900 I 1 0.1

05950 10500000, 0.3 12000. 12000.

06000 1.

06050

06100

06150

06200

06250 1 1 2 7 1 1 16.

06300 2 2 3 8 7 1 2 16,

06350 3 3 4 9 8 1 3 16,

06400 4 4 5 10 9 1 4 16.

06450 5 5 6 11 10 1 5 16,

06500 6 7 8 12 1 6 16,

066550 7 8 9 13 12 1 7 16.

06600 8 9 10 14 13 1 8 16,

06650 9 10 11 15 14 1 9 16,

067060 10 12 13 16 1 10 16.

06750, it 13 14 17 16 1 11 16.

06800 12 14 15 18 17 1 12 16,

06850 13 16 17 19 ) 1 13 16,

06900 14 17 18 20 19 1 14 16.

06950 15 19 20 21 1 15 16,

07000 7 5

07050

07100 1 7 1 1 2000000,
07150 2 12 7 1 2000000.
07200 3 16 12 1 2000000,
07250 4 19 16 1 2000000,
07300 5 21 19 1 2000000,
07350 1.0

07400 21 1 .1 -.1

07450

07500 ’ X

07550 123456780A123456789B123456789C123456789D123456789E123456789F123456789CG1234567891
07600

Echo of Input Cards

9°'1°d



CLANPED SQUAPE PLATE -~ STR®RSS AND DISP. CCNSTRAINTS

NUMBER OF NODAL COINTS = 21
WIMRER OF ELEMENT TYPES = 2
NURBER OF LOAD CASES = 1
NONBEP OF DES. VARIABLES = 15
DESIGN CONTPOL DATA
%CYCL = 1
KSCALE=> 3
DELTA = 0,2500E-01
FPSIL = 0,1000E 00
KDISP = 1
NYEGR = 0.80000
ALPA = 0.75000
DESIGN VARIABLE INPUT DATA
DESIGN
VAFIARLE INITIAL MIN ALLOWABLE
RUNBER VALUB VALUR
1 n,3000E 00 c.0
2 0.30008 00 0.0
3 0.3000E 00 0.0
8 9.3000E 00 0.9
5 0.3000F 00 0.n
6 0.3000r 0O 0.0
? 0.30008 00 0.0
8 0.3000F 0C 0.0
9 0.3000F o0 0.0
10 0.3000F 00 0.0
11 0,3000F 00 0.0
12 0.3700E 00 0.0
1 0.3000F 0C 6.3
14 0,3000E 00 0.0
15 0.3000E 60 0.0
RODAL POIRT INPUT DATA
NODE BOUNDARY CONDITION CODES [rm——- BODAL POINT CCORDTNATES--~-=e-- /
NUMBEE X Y 2 xx Y 22 X Y % T
1 -1 -1 -1 -1 1 -1 t.0 0.0 0.0 0 n.0
2 4] 0 [y n 0 0 2.000 2.0 5.0 0 0.¢
6 0 0 1 1 1 [ 10.000 n.0 0.0 1 .0
7 0 0 0 14 1] 0 2,000 2.0n0 2.0 0 n.n
1 0 0 0 4] 1 0 10.090 2,000 0.0 1 0.0
12 0 0 o} 0 0 0 8,000 4,000 o.n [y n.n
15 Q 0 [ 1) 1 0 10.0¢€0 4,000 0.0 1 0.0
16 0 o o [y 0 [ 6.000 ho0ND 0.0 Y 0.0
18 0 0 [ 0 1 0 10.000 6.000 0.0 1 0.n
19 0 0 0 0 n n 8,000 8,000 0.0 1] n.n
20 0 [ 0 4 1 [ 10.000 a.0ong c.0 o n.n
21 0 0 0 0 1 [} 10,000 10,000 0.0 a n.n

Computer Printout

(Input data, the initial design and the final design only are reproduced.)

L°1°d



GENERATED NODAL DATA

NODE  BOUNDARY CONDITION CODES  f=----- NODAL POINT COOPDIMPTES-==ce=w- /
NUMBER X Y 7z XX YY 72 X Y 7
1 -1 -1 -1 -1 1 -1 0.0 0.n n,0
2 =1 -1 -1 -1 0 -1 2.000 0.0 0.0
3 -1 -1 -1 -1 0 -1 4,noe n.n 0.0
4y -1 -1 -1 -1 0 -1 6,009 0.¢ n,0
5 -1 -1 -1 -1 0 -1 a.000 0.0 0.0
6 -1 =1 1 1 1 -1 10,000 0,0 0.0
7 -1 -1 0 0 0o -1 2.000 2,000 [
R -1 -t b] 0 0 -1 4,000 2,000 n,c
9 -1 -1 0 0 0o -1 ’ 6.000 2,000 c.0
10 -1 -1 0 0 e -1 8.000 2,000 0.0
M -1 -1 0 0 -1 10.000 2.000 0.0
12 -1 -1 0 0 [V 4,000 4,000 n.n0
13 -1 -1 0 0 0o -1 6.000 4,000 0.0
1w -1 -1 ) 0 n -1 8,000 4,000 0,0
v -1 -1 0 0 1 -1 10,000 4,000 0.0
1% -1 -1 ] 0 0 -1 6,000 6. 000 0.0
17 -1 -1 0 0 0 -1 8,000 6,000 0.0
18 -1 -1 0 0 1 -1 10,009 6.000 c.0
19 -1 -1 0 0 N -1 8.000 8,000 0.0
20 -1 -1 0 0 1 -1 10.000 8.00¢ 0.0
20 -1 -1 D 0 T -1 10.000 10,000 0.0

EQUATION NUMBERS

N X Y 2 XYY 72
1 ] g ] 0 0 0
2 0 0 0 0 1 0
3 0 0 0 0 2 0
[ 0 0 0 ] 3 ]
5 0" 0 0 0 4 0
6 ] 0 0 0 0 0
7 0 0 5 6 7 0
8 ' 0 0 8 9 10 0
9 ] 0o 11 12 13 0
10 0 0 14 15 1§ 0
1 0 n17 18 0 0
12 0 6 19 20 21 ]
13 0 0 22 23 24 0
14 0 0 25 26 27 0
15 0 o 28 29 0 ]
16 0 0 30 31 132 ]
17 0 0 33 31 3% 0
18 0 0 36 37 ] 0
19 0 0 38 39 40 0
20 0 0 41 42 0 0
21 0 0 43 uu n 0

ODDODODOOIDDIOORDDIODD IO

SO ODOOOODIDIDNODIODOODIMDOIDHOD

8°'1°d



THIN PLATERE/SHFLL TFLEMENTS®S
NUMBEP OF PLEMPNTS 1
NUMBPP OF MATERTALS
NUMBFR OF TEMP CARDS
CONSTPN CODE

- - aln

MATEPIAL PROPERTY TABLE

MATFRIAL WUN OF SPECIFIC TEMP YOUNGS POTSSONS'S COPFRT OF /===~ eccesea- ATINUARLE SPRESSFS~c-c-c=ccw-s-/
NUMBFF  TENP WEIGHT MODIL NS RATIN THERK EY¥PN TENSTCON CNOMPR®SSTON SHEAR

1 1 0.10000 2.0 1.05000EF 07 0.300 9.0 12000,59 12000,00 6924.00

ELEMENT LOAD CAS® MOLTIPLTERS

ELSMENT LOAD PRESSURE THERHAL X- Y- 2-
CASE NUMBER RPFECTS ACCELERATION ACCFLFPATION ACCETFPATTOV
1 1.C00 0.0 2.0 n.o c.0
2 0.0 0.0 n.n 0.0 0.0
3 0.0 0.0 n.o n.9 0.0
4 g.n 2.0 0.0 a,n 0,0

THIN PLATE/SHELL ELFMENT DATA

FLEMENT MATERTAL DES VAR NCGFMAL RFFFFENCE NES VAP BETA BAND
NUNBER NODE-T NODE-J NODE-K NODE~-L NONBER NUMBER PRESSUIRE TEMPERATURE FRPACTION wIDTH
1 1 2 7 0 1 1 16,0000 c.0 1.0000 0.0 7

2 2 3 R T 1 2 16.0000 .0 1,0000 3.0 10

3 3 L] 9 8 1 3 16.0000 0.0 1.0000 f.0 12

4 4 5 10 9 1 4 16.0000 0.0 1.0000 0.0 14

5 5 6 1 10 1 S 16,0000 0.0, 1.0000 0.0 15

6 . 7 R 12 n 1 6 16.0000 c.0 t.n000 0.0 - 17

7 8 9 13 12 1 7 16.0000 0.0 1.0000 0.0 17

8 9 10 14 11 1 8 16,0000 g.n 1.0000 n.0 17

9 10 n 15 14 1 9 16.0000 0.0 1.0000 n.n 16

10 12 13 16 0 1 10 16.0000 ¢.0 1.0000 0.0 1
1 13 L] 17 16 1 11 16,0000 0.0 1.0000 0.0 AL
12 14 15 18 17 1 12 16.0000 0.0 1.n00C 0,0 13
13 16 17 19 o 1 13 16.0000 0.0 1.0000 0.0 11
1’ 17 18 20 19 1 14 16.0CC0 0.0 1.0000 n.o 10
15 19 20 21 0 1 15 16.0000 0.0 1.0000 o.n 7
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BOOUONDARY FLEMNENTS

HUNMBER OF ELEMENTS = 5

ELEMENT LOAD MULTIPLIERS
A ] o n
0.0 0.0 0.0 0.0
BOUNDARY ELFMENT DATA

CONST NODE /--NODES DEPINING CONSTRATNT DIRECTTON=--/ CNADES PISPL ROTATTON STIFF

NUMBER N NT N3 NK N1 KD kP 2] R S
1 7 1 0 0 0 o] 1 0.0 n.n 2.00D 06
2 12 7 ) n 0 o 0.0 6.0 2.90D OF
3 16 12 0 0 n n 1 n.0 s 2,00D 0k
4 19 16 0 9 0 n 1 ¢.0 0.0 2.00n0 06
5 21 19 0 0 0 0 1 0.0 0.0 2,00D 06
STRUCTURE STRUCTHRE LOAD MOLTIPLIERS
LOAD CASE A B (o D
1 1.060 n.0 0.0 0.0

NODAL DISPLACEMENT/ROTATICN CONSTRATNTS

NODE LOAD/=-=-=-==--=== e memseecccccamnceaa- ~----MAX.ALLOWABIE NISPLACEMENTS AND ROTATIONS-------~ —————- mmmemmmoeeeee
WO, CASE DX pY D2 RX RY 2 -DX -pY -2 -RX -RY
21 10,0 6.0 0.17000 0.0 0.0 0.0 0.0 0.0 -0, 10000 0.0 0.0

NODAL POINT LOADS

NODE LOAD APPLIED LOADS
HO, CASE " RX RY RZ MY ny L}

TOTA!L NUMBER OF EQUATTONS = 44
BANDVIDTH = 17
NUMBER OF EQUATIONS IN A BLOCK = 44

NUMBFR OF BLOCKS

"0I°T°d



o ook o ok o ok o ok e ke ok ok ook ook ok b ok ok

ANALYSTS OF DESTIGMN NUMRE® n
R R RO Rk bR R dOOK ok R Rk

NODAL DISPLACEMENTS AND ROTATIONS

NODE LOAD X Y
ral 1 0.9 0.0
20 1 0.0 2.0
19 1 e.0 0.0
18 1 0.0 0.0
17 1 0.0 0.0
16 1 0.0 0.0
15 1 0.0 c.0
13 1 0.0 0.0
13 1 0.0 2.0
12 1 0.0 0.9
11 1 0.0 7.0
10 1 0.0 2.0

9 1 0.0 0.0
[J 1 0,0 0.0
7 1 0.0 n.0
6 1 n.0 0.0
5 1 0.0 2.0
4 1 0.0 0.0
3 1 0.0 0.0
2 1 0.0 0.0
1 1 0.0 0.0

VALUFS OF DESIGN VARIABLES

1 2

6 0.30008 CO 0.3000® 00 0,3000B 0O
10 0,3C00F 00 0,3000= 00 0.3000F 00

3

% Xy
1.242E-01 1.5011F-0u
1,153E-01 8.7471ﬁ-03
1.074F-01 8.1386F-03
9.057E-02 1.5840E-N2
8.448E-02 1,8715£-02
6.7038-02 1.1569E-02
5.U86E-02 1,94BT7E-02
5.125F-02 1.8163E-02
4,084E~-02 1.4342E-02
2,531g-02 8.7277p-03
1.8238-02 1.6175E-02
1.707F-02 1.5120F-N2
1.3698-02 1.2075E-C?
8.522F~-03 7.4622E-03
2,RU5E-03 2.4512F-03
2.0 0.0
0.0 0.t
0.0 0.0
9.0 0.0
3.0 0.0
2.0 0.0

u
9.3000E 00

0.30008 00

Yy
G.0 .0
. 0.0
-7,8620F-03 0,C

c.? 0.0
-€.04R818-03 0.0
-1.1343E-02 0.0

0.7 0.0
=3.5911E-03 0.0
-6.695AF-03 1,0
-8.5825e-03 0.0

0.0 0.0
-1.0R79E-03 0.0
-2,0706F-C3 (0.0
-2,70747~-03 C.0
-2.3884E-03 0.0

0.7 0.0

8.1310P-05 0.0

1,5218E-C4 0.0

1.2669F-C0 0.0

2,1028E-04 0.0

0.0 0.0

5 6

0.3n0NE N0 0.3000E 00
N.3700E 00

7

0.3000E 00

a

n,3n00E N0

9

0,3000® €O

10

0,3000F 00
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ANALYSTIS OF PLATE/SHELL EIEMENTS ,CONSTEN CODE = 1

ELEMBNT  FLEMR®NT LOAD f====m-mmemmc- MFMBRANE FOPCFS---==c-o--m- F/ATETE RN BENDTNR/TRTSTTNG MAMENTS= ==mmme =
NUMBER  THICKNESS COND NYX NYY MYY Ky nvY MYy

1 0,3000E 00 1 0.0 0.0 6.0 -C,2033E 02  -C,205AF N2 =N 18USE N2

2 0.3000F 00 1 0,0 0.0 N1 -0,21928 02 -N,6S13F Y2 -0,2992F 02

3 0.3000E 00 1 0.0 9.0 n.n -N,3374E 02 -0,1255F 03 -0, 265DE N2

) 0.3000E 00 1 2.0 0.0 0.0 -C.4703E N2 =2, 1T4TE N3 -0, 16R0E N2

s 0.3000E 00 1 0.0 0.9 0.0 -C.564GF 02  =0,2012F 23 -0,5758F 01

6 0.3000E 00 ’ 0.0 2.0 n,o -0,8723% 02 0,29167 062 -0 ,3735F 02

7 0.3000E 00 1 0,0 0.0 0o 0.950CE 01 -C,1872E N2 -9,4707E 02

8 0.3000E 00 1 n,o 2.0 c.0 N, 1619F 02  -0F,2651F N2 =n_ 32228 02

9 0,30C0F 00 1 0.0 0.9 a,.¢ ¢, 1784 02 -0.3214F 02 -0.1119¢ 02

10 0.30008 00 1 0.0 n,o nLo £.9150F nP 0.7722E 02 -2,2660FE 02

1 0,30008 00 1 0.0 0.0 ¢.0 C.6663E 02 C.5673F 02 -0,32078 02

12 0.3000E 00 1 0.0 0.0 0.0 0.T63RF 02 0.6421E 02  -A,1138E 02

13 0.3000E 00 1 9.0 0.6 c.0 0.7891F 02 €.1210F 03 -0,9313F 01

14 0.3000F 00 1 0.0 0.0 £.0 ", 1169F 01 N.11S7F 03 -0,AN3TE 01

15 0.3000r 00 1 0.0 0.0 0.0 N.1346F 03 0. 1428E 13 0.1028E 01

ANALYSIS CP BOONDARY ELEMENTS - CCNSTRAINT FORCES

CONST NUMBFR LOAD CASE FORCE MOMENT
1 1 0.0 -0,8B8759E 02
2 1 0.0 -0,20540F 03
3 1 n.0 -1,31984€ 03
[} 1 0.0 -0,39125F 03
5 1 0.0 -0,21229F7 03

kg ko ok Rk Rk kR kR Rk kR

EVALURTION OF DESIGR NUMBEP 0
Ak Ak ok O KRR K Kk

STRESS RATIO LOAD COND DES VARTARLE
1 5

HAX 0.1001%8 01
MIN 0.,4593F 0O 1 1
MAX DISP RATIOS LOAD COND EQON NUMBER
0.1242E 01 1 43

UNIFORM SCALING OPERATTON FOLLOWS
SCALE FACTOR TS 1,07SAND DETERMINED BY DISPLACEMENT CONSTRRINTS

DESIGN VAFTABLES OF SCALED (CPITICAL) DESIGN ARE

VALUES CF DPSIGN VARIABLES

Z1°1°d



1 2 1 [} < [3 7 a 9 10
0 0.3225g 00 0.3225F 0N 10,3225 0N 0,3225F "0 N,3225% 0C  N.3225F OF 0,12252 £ N0_3225F A0 09,3225F AN A, 3225F 00
10 0.3225E N0 0.3225E OfF 1,3225E €O N,3225F 0N 0,3225F no
STROCTORAL WETGHT= 0.1612E 01

REDESTGN CPERATTON FOLLOWS

OPTYMALYTY INDEX OF DESIGW VARIABLES FOR DISPT, CONSTRATNTS

DY NO ACT/PAS TNDRX

1 ACT -0, 13R850E-01
2 ACT ~-0.178208 00
3 ACT -0.50%18% 00
4 ACT -0.947R4E 00
5 ACT -0,12728% 01
6 ACT -0.22893E 00
7 ACT -0, 27129% 90
3} ACT ~-",23RS6E 00
9 ACT ~0. 18862F 00
10 ACT -0.27117E 20
11 ACT -0.27125% 00
12 ACT ~0.257158 00
13 ACT -0.57257% 00
14 ACT -0.9504BE 00
15 ACT =-0.22422% 01
NO., OF ACTIVP DISPLACEMENT CONSTRAINTS ARP 1
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ok o e ool e o oK o K T R ok ok ok Kok ko ok

ANALYSTS CF DESIGN NUMBER 9
sk sk doR Rk kR KK Rk kR Rk kK

" NODAL DISPLACEMFNTS AND POTATIONS

NODE LOAD X Y 7 YX
21 1 0.0 0.0 1.0062-01 1,2911F-04
20 1 0.0 9.9 9.71uE-02 3.57HAE-02
19 1 0.0 0.0 " 9,403F-02 2.6407F-03
18 1 0.0 n.9 8.N0RE-02 1.32638-02
17 10,0 0.0 B.168~02 1,1323F-02
16 1 0.0 0.0 B.4A3E-N2 -1.1351F-04
15 1 0.0 0.0 3.748F-02 1.R0ABE-02
14 1 0.0 0.9 3.9728-02 1,9769F-02
13 1 0.0 0.0 7.333E-02 1.4111E-02
12 1 0.0 9.0 1,035E-01 -5,9647E-03
11 1 0.0 0.0 9,176E-031 8,14138-03
10 1 0.0 0.0 9.157E-03 A,5211F-03
9 1 0.0 0.0 2.416E-02 1.8338E-02
8 1 0.0 0.0 6.331E-02 4,6100F~-02

7 1 0.0 0.0 9.181E-02 4,6574F~03
6 1 0.0 0.0 0.0 0.0
5 1 0.0 0.0 0,0 0.0
4 1 0.0 0.0 9.0 0.0
3 1 0.0 0.9 0.0 0.n
2 1 0.0 0.0 .0 0.0
1 1 0.0 9.9 0.0 0.0

VALUES OF DESIGN VARTABLES

1 2 3 []

Yy
c.n c.c
0.9 0.0
-2.4470£-0* C.0
c.n 0.c¢
1.RA46F-CY 0,0
2.1704F-04 0.0
0.0 n.0
1.8241E-03 0.0
2,1848F~02 0.0
6.0026F-03 0.0
c.0 0.0
-3.3690E~04 o0.C
1.1378F-02 0.0
2.1712g-02 0,0
-4,6317E-03 0,0
0.0 0.0
-7.4002F-04 0,0
4,5493F-08 0.0
=5.5817F-03 0.C
3. u017g~02 0.0

0.0 0.0

s [3

0 0.3435r-N01 0.3830=-01 0.1282E 00 O0,1870FE 00 O0.5574% 10 C,.FfBCSE-01
10 0.124SE 00 0.1522% 00 0,2126E 00 C.2788F 00 0,3948F N0

7

0,5283F-01

8.

N.9C017E-01

9

0.3666% 00

10

0.1176E 00
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ANALYSTS NP PLATF/SHETL ELEMFNTS ,CONSTRN CORF =

01
01
co
00
00
01
A}
01
oe
no
no
00
co
00

ELEMENT ELEMENT
NTINBER THICKNESS |
1 01,3435~
2 0.3830%~

3 0.1282F

4 0, 1870F

5 0.5574F
6 0,6805E-
7 0.5283R~
8 0.9017¢-

9 0,3666%

10 0.1176F

11 0.1245E

12 0.1522r

13 0.2126%

14 0, 2788%

15 n.3948¢

00

LOAD /==~========v-<MFMPRANE FIPCFS

CHIND

PR OV QT QN (I T QU QP g Y

OV O0OIDDOWLWIO IO
e 6 & % o 8 s s 0 s 8 e o &

DOOO0ODODOODDDIDIDIOID

NXX

NYY

OOODOHDDODODOODOOO
® e 8 5 e s 2 s s s s v s e s

DOMOIDO IDIDISIDID

ANALYSIS OPF BOUNDARY ELEMENTS - CONSTRATNT PFORCES

CONST NUMBER LOAD CAS?
1 1 0.0
2 1 0.2
3 1 0.0
4 1 0.0
5 1 0.0
HERBR SRR AR KRR R AR ARk RN bRk
EYAINATION OF DESIGN NUMBER 9
BARRERRRRR AR SRR SR Ak
STRESS RATIO  LOAD COND
MAX 0.11858 01t 1
MIN 0.8724E 00 Al
MAX DISP RATIOS LOAD COND

0.1006F 01

1

UNTPORM SCALING OPERATION POLLONS

FORCE

-0.36360F
=-0.53698F
~0, 18602F
-0,27384F
~-0.182R7F

DES VARIABLF
3
12

EQN NUMBER

u3

MOMENT

n2
n2
03
03
03

COMOODIDBDIODIOD DIDOD

SCALE PACTOR IS 1.145AND DETERMINED BY STRESS CCNSTPRAINTS

DESIGN VARIABLES OF SCALED (CRITICAL) DESIGN ARE

VALUES OF DESIGN VARTABLES

ORI QAIDIDIUO I IDDD

-------- BTNDTNG/TRTSTTNGR
MXX MYY

Q,4334% ¢7 -0, 10267
-C, I8U6r NN -r,7201%
-0 1198F 02 -0.33327
-G.3294¥% 02 -0, 48287
-0, 1633F 03 -0,68103%
0.3509F 01 0.9709F
0.794CF N0 G.2054%
-0, 5965E 01 -0.2916%
-€,8296F 02 -0, 25RUF
C.5f7GE 01 n,2S08F
-¢.53588 N1 f.7959%
0.2313F 20 f.1n31E
0.1603% 01 N,585R%
0.3164F% 02 f,9659E
0.9637F 02 0,1296F

MOMENTSewmmnax -/
MXY
81 -5,812SE 00
NG N,1296F 01
02 0.1827e 02
f2  0,2625E 02
03 -0,2450F 02
01 0,8985E-01
81 =n,7270E 00
01 0.8816E 01
83 0,2107 02
N2 -0.6172F 01
01 -0,1712E 02
22 -0.10C6E 01
A2 -0.3622% 01
02  =0,158TF 02
03 0.6313F 01

ST*1°d



1 2 3 u s [ 7 ] Q 10
0 0.,3932E-01 0.4384F-01 9,1463% NN 9,2140F 02 ",FIRIT A0 C0,7789E-CY N, 6707S-F1 N 17327 08 CL.U1G7F 00 0.13472 00
10 0,14258 00 0.1742F 090 9,2433F 00 0,2191F 04 0,4519% 20
STRUCTURAL WEIGHT= 0.1094E C1

REDESIGN OPERATTON FOLLOWS

OPTIMALITY INDEX OF DESIGN VARIABLES FOR DISPT. CONSTRAINTS

DV NO ACT/PAS INDEX

1 PASS 0.12800E-01
2 PASS 0,93611F=02
3 PASS  -0,65B865E-02
] PASS -0,58290e-01
5 ACT -0.52696E 00
6 PASS 0.540207-01
7 ACT 0,60uU118-02
8 ACT -0, 19710E-01
9 ACT -0,56006F 00
10 PASS  =0.16206% 00
1" PASS  ~0.27840F 00
12 ACT -0.45146% 00
13 ACT -0, 37665F NQ
1 ACT -0.43775% 00
15 ACT -0, 445517 00
N0, OF ACTIVE DISPLACFMENT CONSTPAINTS ARE 1
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P.2.1

P.2 Square Plate with Clamped Edges - Problem 2

We consider the same plate as in Sec. P.1, but without any dis-

- placement constraints and with an increased allowable mormal stress

of o; = Gz = 60,000 psi. .A change was also made in the finite element
mesh: one quarter of the plate was modelled as shown in Fig. P.2.1
(this dispenses with the need for boundary elements.) The problem is
now identical to the plate designed in Ref. [12], and provides us with
a check of our design procedure.

A comparison of the weight-histories is given in Fig. P.2.2, and
the final design variables are shown in Fig. P.2.1. Due to somewhat
different details of the two design procedures, the weights of the
individual designs are not identical, but the overall convergence
characteristics are the same. The distribution of material in Fig. P.2.1
is also similar for the two designs, the differences being mainly due
to the larger number of design cycles used in Ref. [12].

The following statement is made on p. 94 of Ref. [12]: ...
after fifteen resizings, a discontinuous material distribution has
developed which as yet cannot be accounted for." This '"discontinuous"
distribution is very apparent in the results of DESAP 1 in Fig. P.2.1,
where the thicknesses of some elements (underlined figures) have
become very small. We disagree, however, with the conclusion that
such material distribution cannot be explained; quite to the contrary,
the tendency of the thickness to vanish at certain locations is quite

sensible.
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The very small, underlined element thicknesses in Fig. P.2.1
are an indication that there_is a tendency for a '"hinge' (line of
zero thickness) to develop in the plate. The presence of hinges in
the qptimal design of statically indeterminate beams is a common
occurrence; consequently it may well be that a plate of optimal
weight also consists of several '"solid" sections connected by hinges.

This problem, as the truss in Sec. L.1, has a very slow con-
vergencé rate due to the absence of reasonably large minimum size
coﬁstraints. In fact, it is unlikely that the fully stressed design
will ever be reached unless some constraint is placed on the minimum
thickness. The trouble is that the fully stressed design, if it con-
tains hinges, cannot be always reached by a continuous design process
without violating the stress constraints at some intermediate stage.
As a result, the design variables would eventually oscillate about

the fully stressed design.




Clamped

P.2.3
Upper figures: DESAP 1 after 8 redesigns.
Lower figures: Ref. [12] after 15 redesigns.
Unusually small thicknesses are underlined.
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Figure P.2.1

Final Distribution of Thickness for Plate

with Stress Constraints Only.
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Design History for Plate with Stress Constraints Only.
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